Engineering Case Library 



ECL 1007A 



BRITTLE FRACTURE AND STRUCTURAL FAILURE OF 
THE LIBERTY SHIPS DURING WW- I I (A) 



The spectacular failures of many welded ships during the 
early years of World War II created a major engineering 
emergency. The failures involved the loss of both ships 
and lives, at a cost to the nation of $50 million. Ap- 
proximately 5000 welded merchant ships were constructed; 
of these, over 1000 suffered cracks in varying degrees. 
Some 190 ships sustained serious fractures. A dozen 
broke completely in two. 

In April 1943 the Secretary of the Navy appointed a M Board 
to Investigate the Design and Methods of Construction of 
Welded Steel Merchant Vessels". The Board was faced with 
national responsibility for making urgent and valid de- 
cisions. The need was for practical research concerned 
primarily with design and fabrication, to obtain quick 
answers even though the solutions were only partial. This 
was a national emergency and expense was unimportant. 



Acknowledgement : The author would like to acknowledge the 
cooperation of the American Welding Society in making avail- 
able the extensive extracts from "The We Iding Journal " and 
the "Welding Research Supplement 11 > as well as the V . S. 
Coast Guard for the "Reports of Structural Failure." 
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of Research, Arcos Corporation. 
Revised 1971 by G. Kardos. 
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A. First View of the Froblem 

Photographs and reports on vessels which have broken in two 



Date of Failure 

15 Jan 1943 
5 Mar 1943 
7 Mar 1943 

29 Mar 1943 



Vessel 



S. S. Schenectady 
Thomas Hooker 
J. L. M< Curry 
Esso Manhattan 



Casualties coming within one year 
24 Nov 1943 John P. Gaines 

11 Nov 1943 Valeri Chkalov 

9 Jan 1944 Joseph Smith 

24 Jan 1944 Samuel Dexter 

4 Mar 1944 Joel R, Poinsett 



Circumstances of Failure 

At pier in still water, Portland, Oregon 
Heavy weather in North Atlantic 
Very high seas in Greenland Sea 
Clear weather in Ambrose Channel 

Clear weather near Aleutian Islands 
Heavy storm in North Pacific 
Heavy seas in North Atlantic 
Bad weather in North Atlantic 
Rough seas off Labrador 
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(UfOM 01 MRUOURAl fAHIIRt 01 INSPICffD VIV.fl 
UMITIO 11*111 fOAS! UUOD 



DISCRETION OF VESSEL 



|(« it »«ti«/rl i t n.'ln t | I 

1 April, 1944 „,.,« 



SCHENECTADY 



J 01 I IC»Ai »U I l'»f 

J 242620 | Tank Vessel 



Kaiser Co, , Inc. t Portland, Ore. . #1 



M C OMlC* 

T2-SE-A1 

CAU COMPLCTCD 



Dec. 42 



War Sh ipping Ad ministration 

EXTENT OF tfELDING 



DepgnhUl shipping Company 



frai 



Hull all welded 
No inner bottom 



Mfcfcd TO SIOK Will 



lYai 
lYei 



«0« TOM i|«(5 



■ OT TOM lunt 



ftooti io *nCll 



| ^ <«•[• lOTtON SI 

| j • 1 * T S POMOM |HfM 

| ] f»oo«i to m»'0N 



lYe^ofo $eA*i 

[ye~^ptcK tuTTj 



CIRCUMSTANCES SURROUNDING FAILURE 

MCtacA • !( «baif<i6<« .ifCo.ii of Loading} 



•aii or rAiLUtt 

IS Jan., 1942 


TIKI ] Mlf) IOCATI0* 

2230 PY/T 1 Tied UD at fittimr niit nl ivr. Swan Inland 


mif's tnto 

0 


Cou»s( 


.D»*M »*? j OA ATT AFT 

6'-4" 1 17'-0 W 


St« C0«DITIC« 

Still water 


Clear 


No waves 


• 1*0 »©•« 

Liaht 


East wind 


AIR l(MftttAT<jl( WAT f R TW«l*Hl»{ 

26° F 40° F 



DESCRIPTION OF FAILURE 

(Include sketch of /riftvri lAowinf starCiftf £©»*t o«rf r«/«tive location of widi and vthtr structural ftat*r«s) 



iiMtuT jrunicniir The fracture started at the Juncture of the fashion plate at 
the aft starboard corner of the bridge superstructure., and the sheer atrq ke 



s 1 1 1 • *t histo«t tMo oisctimot at fiicuK. metveme r»o«« co»T*te«»o»» factois; 



Without warning and with a report which was- heard for at least a 
mile, the deck and sides of the vessel fractured Just aft of the bridge 
superstructure* The fracture extended almost instanteously to the turn 
of the bilge port and starooard. The deck side shell, longitudinal bulk- 
heads and bottom girders fractured. Cnly the bottom plating held. The 
vessel Jack-knifed and the center portion rose so that no water entered 
the hull. The bow and stern settled into the silt of 'the river bottom- 
Sounding taken around the vessel eliminated the alleged possibility of 
the vessel having grounded amidships due to a drop in water level. A 
slight earth tremor was alleged to have occurred at the time of the casuj- 
alty. The steel of the sheer strake was slightly below specification 
in yield point and ultimate strength. The deck stringer was low, in 
yield point. Both steels were notch sensitive at low temperature, but 
there is no existing specification for this characteristic. The welds 
between the fashion plate and the sheer strake and betweemthe^a 
strake and stringer plate were found to contain 
defects. 



Cl*iSlF ICAT ION Of FA t UJlti 

Broke in two 



DISPOSITION OF VESSEL 

XtP*i rrd, f"o»t, etc. 



Vessel repaired and put in service. 



SlCfltO (*<»M »nd Till*/ 



See reverse side for loading details » 



*)A strake is a continuous breadth of hull plating extending 
from stem to stern of the ship (See fig. 22, page 590 of 
of the Board of Inquiry Report, Part III) 
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LOADING AT TIME OF FAILURE 



Distribution of Weights 



Forepeak 
Cargo tanks 
F.W. Tanks 

Bunkers Fwd. 
Bunkers 



Long tons 



F.O. 
P.O. 
I.B. 
I.B. 



in E.R. 
Tank 11-27 P. 8c 
Tank 27-44 P. 8c S. 
Ammunition Ford. 
Ammunition Aft 
Diet. Water Tank 
F.V/. Tank Aft 
Aft Peak 
Lightship 

Stores & Complement 
Displacement 



314 
0 
71 

745 

486 
73 

166 
20 
10 
36 
29 
56 
5202 
40 



7230 Long tons 



On the basis of the loading 
indicated to the left, bending 
moment calculations were made. 
The uniform calculated stress 
in the crown of the deck in 
still water is 10,700 lbs. /in. 2 



Corresponding Keel Drafts 7.0* Frd. 

15.2' Aft 
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WELDED STEEL MERCHANT VESSELS 
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RfcPONl Of STRUCTURAL F A1 I UR£ Of INSPECTED VESSH 
UHITfD STAltS COAST GUARD 



DESCRIPTION OF VESSEL 



lht«> rt^orX mcljUes all 
iv.ii lal.lf in to rmat i On up lo 

1 April, 1944 u^to 



ESSO MANHATTAN 



U>flCUL »0 | TVPf 

242157 ] Tank Vessel 



M c. OESICN 
DATC COHfLETf.O 

JJ2 A ug, 4 



Sun Shipbuilding &_Drydock Company j # ,267 J £2 MR* 4 3 

Standard Oil Co, of New Jersey I Standa rd Oil Co, of New Jersey I 



EXTENT OF WELDING 



fee} 
53 



5IDE S«tLL 3E»"J 
SIDE %«#U 1UTTS 
ma™ j TO 3f0f «KL 

• u L KMC AO S 



Hull all welded 
No inner bottom 



!Yet 

ly*e 



lOfTOK Rim* 
, FL00>H TO SHfrU 



t»»ft »ott-oh 5t*M«, 



LZ1 

□ 



FLOORS TO HHI tOTT 0« 



lei 



OCCK flUTTS 



9»CR TO SKElt 



D*TF. OF FAUOIE 

_23 Mnroh, 1943— 
iAJmotfl 



flight ground swell Cl&ex 



HIMO FMCC 



Tint 
COUftlC 

_12JL° True. 



CIRCUMSTANCES SURROUNDING FAILURE 

Mt<ooA alt ovi Uhtf <j0taHt of tlip't loading) 

fathoms or water 



i ukat'ob ?u ra' 
.374_mile.An8ho: 



mi«0 9\tlCTwn 

Northeast; 



inshor e bu oy 3. Ambrose Channel. 



N.Y. 



i2 f -r 



ie f -7" 



OlUfCTiO" Of »*wt> «1TK nearer 10 J»l' 

_On port bow 

30°' to 40° 



Not known 



DESCRIPTION OF FAILURE 

(lncUd4 ,.«tcA «/ /r«e.r« lAofriy it«rt,'i,f point and rttattve location of ^ Ids and »ta«r structural 



l * ♦ "«•• - » ' ■ i n "T — 

.„.«„, „«r.« «..r The fraoture started In a butt weld between plates A-9 ana 



ft-m nt . the r . rnwn of th? diicte 



r.i«t»AL «I3T0«Y UO 0C5C«t^lO» Of fAHOM. tftCM/OlNC ««0W« CORT^IBUTOBT PACT0« 

With a sound described variously aa a thump, thud, bang, crash or 
explosion, the fracture ran across the deck in way of £6 tank, and down 
both sides, progressing to the bilge port and starboard. The 
lack-knifed and the bow dug under an oncoming wave. The crew abandoned 
in the boats and were picked up by the USCG KIMBALL. The bottom frac- 
tured later and the two portions drifted apart. Subsequent examination 
and tests of the steel in the vicinity of the starting point and from 
each plate around the periphery of the hull near the fracture indicated 
that it met existing standards. The chemistry was normal for the class 
of steel. Impact and notch bend tests showed that much of the oteel 
was sensitive to notches and low temperature. The butt- weld in which 
the crack started contained oxide, slag and porous areas. 



C*.AS3IMCATlOi OF FAICUM 

Broke in two. 





DISPOSITION OF VESSEL 




AmpMtrmd, lost , «tc. 


R* P Aired on arvflQ.cK at 


Todd Erie Basin and returned to service 


5iC«E0 (»■••■ a*d fitU/ 


See reverse side for loading details. 
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LOADING AT TIME OF FAILURE 



Distribution of Weights 



Forepeak 
Cargo Tank #1 

#2 



#3 
0 



S 
P 

s 

Gl 
P 
S 
P 

s 
P 

s 

CI 



F.W. Tanks 
F.O. Bunkers 
F.O. Bunkers 
I.B. Tank 11-27 P 
I.B. Tank 27-44 P 
I.B. Tank 11-27 S 
I.B. Tank 27-44 S 
Dist. Water Tank 
F.W. Tank Aft 
Aft Peak 
L.O. Storage 
Lightship 

Stores & Complement 
Displacement 



314 

388 
388 
6 
6 

1385 
16 
16 
20 
20 
21 
21 

1330 

70 
240 
240 
41 
82 
31 
84 
18 
29 
56 
2 

5455 
65 



Long tons 



At the time of the failure, the 
tanks were reported to be in the 
condition shown to the left. 
This was checked sfter the two 
portions had been towed into port. 
The vessel was taking ballast in 
accordance with the Navy schedule 
but due to damaged valves in #7 
and #9 tanks which valves were to 
be repaired on the outbound voy- 
age the 3chedule was not being 
strictly followed. The ends of 
the vessel contained proportion- 
ately more ballast. The uniform 
calculated stress in the crown of 
the deck in still water and in the 
condition noted is 12,300 lbs. per 
sq. inch. 



Corresponding Keel Drafts 

18 ' -6-5/8" Aft 
12' -1-1/8" Fwd. 



It should be noted that the vessel 
drafts were otherwise reported to 
be 15' Fwd. and 22* -8" aft, also 
17 •-6" Fwd. and 23 f aft. It ie 
believed that the calculated 
drafts (to left) based upon an 
accurate deadweight deter- 
10344 Long tons mination made in February, 
1943. are more nearly 
correct. 




1944 



S. S. Esso Manhattan 
DESIGN OF MERCHANT VESSELS 
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HITORT Of MKUCIURAL FAUUHF. OF INSPICUO VtSSFL 
UtttTIO STATO COAST GUAA0 

<«>C« ITU 



DESCRIPTION OF VESSEL 



fh«m i «poM irtt'tuil«« oil 
4v«. .ul« infg.iMtiOrt Up tu 

1 April, 1944 ,-*te; 



• «Hf I OftlCIAl BO 

JOHN P. GAINES | 243861 

■UILOIN 


Dry Cargo Vessel 

•MJiom i hull *o 


n c PISiCir 

EC2-S-C1 _ 


_J>regojri Shipbuilding Qprporation 


# 723 

ore ■ trail 


8 July 43 


War Shipping Administration 


Northland Transportation Co., Inc. 



EXTENT OF WELDING 



[Ye}*'" weu » ***** 






[yg^ptCK SCAMS 


[Ye)s s ' 01 






L Ye]3»ecK WTfi 


|NoJ , Awes T0 Sl0 ( 


[Yale**™ * vni 




|Ye)s to oic * 








\Y&)j}wtCX TO IHtLL 



I_&4_hpy,» ma.— 

WtP'9 iMro 

9 knot a 

SfA t 0«0»TiOH 

Long ground ewel 
5-6 Beaufort 



CIRCUMSTANCES SURROUNDING FAILURE 

(Attach mil available detmilf of lood\*g) 



r.« U241 
#10 time aon 
c «««Dutch Harbor to 
Se a 1 1 1 e » _ 7 6?_tr ue 



Fairl y cle ar 



55-07 K 135-5 0 W 1 

ijW^^M_beariiig_ 175° true from Chir koff |s. 

.13^0." [ 10!_rP_!! 

«rcTiO» ©» wivKI *IT* «CS>£CT TO MIP 

15°-20° off port bow 



• no omacrio* 



ENE 



Alft TtMfMATwKt 

40°-45° * 



K4TLK T t*4f(RATVRC 

About 40° F 



DESCRIPTION Of FAILURE 

(Include \ketc* of fracture showing lto'ting Point and relative location of welds end other structural featmresf 



APMiFjir jrA«rmc r*i«r 



Near Fwd. corners #3 hatch between F rs. #74 and #75, ! 

«e»IHAC MlSTOtT A»& 6eSC«l*Tl0i» 0' FAIUIM. MCMOIRC MOW* C0KT«l«UT6«r TACTOtJi "1 

At about 2200 on 23 November, 1943, loud noises were heard but the! 
source could not be located in the dark* At about 0241 on 24 Nov., 
1943, an exceptional sea known locally as a "freak" or "sneaker" struck j 
the port bow f curled around the stem, and boarded near the forward gun* I 
The fracture which had apparently commenced during the night immediately 
propagated. It appears that the vessel broke partially as it passed j 
either over or between swells and the following swell completely broke j 
off the forward end. All crew and passengers were on the after end. 
Survivors were picked up by U. S. Army Transports except for 10 men, 
including six soldiers in one lifeboat f which was lost. 



CLASSIFICATION OF FAUUftC 

Broke in two 



DISPOSITION OF VESSEL 

*«f>A*r»d, lost, «tc. 



The bow is believed to have sunk. The stern is aground on Big Koniuji 
Island . 

si evice Txtu; 

See reverse aide for loading detalla,_ 
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LOADING AT TIME OF FAILURE 

Distribution of Weights 



Lightship 

Crew, passengers & stores 
Fuel oil, I.B. #1 CI 

#2 P & S 
#3 P & S 
#5P&S 
#6 

#3 deeps 
Settling tanks 
Fresh water 

Potable water tank 

Reserve feed tank 

Fore peak 

Aft peak 

Lazarette 
Salt water ballast 

#1 deep tanks P &. S 

ftZ deep tanks P & S 

Hold #4 

Hold ^5 
Cargo Hold #1 Empty drums 

#3 Empty 8c full drums 

#4 Empty drums 

^5 Empty drums 

Displacement 

Corresponding Keel Drafts 



Long tons 



On the basis of the loading 
shown to the left, indicat- 
ing the condition at the time 
of departure from Dutch 
Harbor, bending moment 
calculations were made. 
The uniform calculated 
stress in the crown of 
the upper deck when on a 
standard wave with crest 
amidships is 15,600 Ib&./in.Z 



7572 Long tons 

12.15' Fwd. 
20,17' Aft 




S.S. John P. Gaines 



1944 



DESIGN OF MERCHANT VESSELS 
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RtPOAT OF STRUCTURAL FAILURE Of INSPECTED VESSEL 
URITC» STATES COAST GUARO 

•AT C»- I70I 



DESCRIPTION Of VESSEL 



">'i "rport include* »H 
AvAi'Ablt information up lo 

1 April, 1944 i(>.ui 



VALERT CHKAIaOV 



otficiai no 

None 



su,LM, PerraanenteMetal8 Corporation 
Richmond S hi pyard #2 . 




Administra tion 



Dry Cargo Vessel 

•UHOfR'S HUM .0 

#.481 



n c. or $14* 

EC 2 -S -CI 



17 Apr* 42> 



Union of Soviet Socialist Republi cs 



EXTENT Of WlOING 



LOWS TO J*IU 



»»!■ tOTrow SONS 



!■■(■ lOUOl 



|Ye^ otci1 * wtts 

[Y6^ <t*»*S TO 01C« 



CIRCUMSTAMCR SURROUNDING FAILURE 

(Attack «M av«i/«»/* dntatla of «*t*'l io*d\ng) 



oite or r»nun 

U Peo t , 1943 


Tin 

1210 


Latitude 350 m. Longitude 168°-e9 v W 


smfs $r>uo 

Cut by storm 


Sovetakaya Cavai 
Siberia to Akutan j 


Wirt f»D 

laaka Not known 


oaiTT art 

Not known 


Ma C««QITi«« 

H«flYy 


Wl«t«t« 

Iloavy storm, vie. 0 


OtilCtlOa or «i»t» •IJr'fCT TO SHIP 

. Apparently ft. hoe 


A sea. 


«i*o *«ct 

6 to a 


«I.O Oi*ICTiO« 

Not known 


29° - 34° 


■til* TfNHMVUftf 

Not known , 



3E3CRIPTI0* Of FAILURE 

(I*ct*d* skttck of frictmrt tkoving ttorttmg Point end rmlmttv* location of vtldt mnd ot*tr ttrvctural ftot*r<\) 



,;;;;.r s .-n.c rc,.r The oraoka wl^ich finally broke the vessel started exactly in 



the forwar d corners of #5 hatch p o rt and starboard 



CCa(*H ■tsro«f IMT P(SCIi^i«i 0* 'ailtiM, tmopitt mo»» COatft t»vtO«y fAfiMi 



The Teasel departed from Sovetskaya on 1 Dec, 1943, in ballast* 
Gales and heavy sees were encountered after departure. At noon on 
11 Dec, 43 9 a loud report was heard and three oraoke were found, one 
on the port aide at Fr. #74, one on atbd. aide at Fr. #74; and one on 
the stbd. side at Fr. #76. The port eide crack extended from the 
hatch corner across the deck and down the shell to the bilge. The 
atbd. crack at Fr. #74 was in the eide shell from the sheer strake 
to the tween deck. The etbd. crack at Fr. #76 ran down the aide shell 
from the sheer strake halfway down the tween decks. The vessel was 
taken in tow by the tug "Joeeph Stalin" but at 2206 on 13 Deo. ehe 
broke completely in two. Both portions were taken in tow by U. S. 
Navy tuge and brought to anchorage. The crews did not abandon ehip. 
Ballasting details will be made available by the USSR in the near 
future. 



cnjjirif.iTio* or r*uu»t 

Broke in two 



DISPOSITION OF VESSEL 



Both portions at anohor in Sand Bay, Great Sitkin Island. F uture undet 

»»<>■<» it 
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a 



CO UtrOUT OF tTAUCTWAl fAllUW Of IHSfECTfD VEl&CL 
ItitTEO imil COAST CUMO 



25 
O 

o 
c 



OCSCJtlFTlOU Of VESSEL OJttflt 


»W* <••»<> 


JOSEPH SMITH 


M.ICI.i 

243695 


I«M C.rfi. /•i.r-»«- #lr.' 

Dry Cargo V*e*el 


«.C. NHI« 

K2-S-C1 


luilMfl 

pir»D«nti M«t*l« Corporation #2 


• moil' l •»■ 

XI 9 


••II umMUt 

4 Juno, '43 


mil 

W r Shipping Adaini.tretion 


• Ml*' I. 

Aleekn FWcera Aeeooletlon 











| Ye* | KM MUt «*■» 








| Y*e ] tiM ami ■»«» 


|r.. 


1 nttis iimi 




l' ||0 j »■*-!» f« IfH Sal' 


.|t.. 


1 - 


It.. | 


I*"!" 




J- 


It.. 1 



| Yet | hc. »• m 



9 Jenu«ry. 1944 

Ml.'f Lit* 

T«i knot* 



6-9 



1 |„„ i Aboui let. 44 J -30' X . , 

1416 koiut. 43° -0 1' » i° Worth Atlontlo 



Very beery 



no ci'it'ii* 

SM to II 



■ l«l<f«M II lull .H. Hl»l<» 40 »•«» 



'ft'*** AM 



m t9 W ft™" »"d "f*ll 



Itifvif 

60° 



Of fmlu*e 

/f.<<u« i*.u» •/ ne»««r'ti«mar »»< r.«ll»»« 



After efrbo.rd end forwerd port oomere of #S heteb freotured in the upper 
deck. 



.* m Nui.'TTr.i mini, iiumn »»»»•» '«'•»» 

At 1400 OCT on 9 Jenuery. tho *o.iel we. pounding end pitching when .he oe*e 
dim heerlly with her fore foot oeu.ing e freoture In the girder end deck 
tSinTX the efter et.rbo.rd oornor #5 hetoh. At 1600 OCT ^ther fr.otur. 
occurred in the girder end pl.tiog et the forwerd port oomor of #* hetoh. At 
0730 OCT on 11 Jenuery the third freoture ooourred In upper deok pl*«»C •* 
Sf ^SrtSfi ln.Ue^ft.r comer of .Udehip deokhou.e to entr.no. of et. rbo.rd 
ellevewv extending to forwerd .terboerd corner of #4 hetoh, eoro.e the deok to 
port eloe, through bulwerke, down tide pleting to light loed line end then 
turned forwerd. longltudlnel glrdere freoturod In line with bruek on upper 
deok. Tween deck pletlng oreoked elmller to thet on e»ln deok. Al l oreoke 
dereloped eoroe* the center of e plete or ttlffener end not In 
welding. Loedlng dete lneo ouretc - Bo ben ding ewont computed. 



DlSfOSinO* ofvtssa 



Ci.MlillC.tll. II ICIUWf 

Creoked deok 



The ye.eel fee ebendoned et 14*0 on 11 Jenuery, 
inking oo naUton by foort yeeeel, 



1944, eiid eh el led to 



Fig. 3 
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REPORT OF STRUCTURAL FAILURE OF INSPECTED VESSEL 
UNITED STATES COAST GUARD 
•**c«- mi 



DESCRIPTION OF VESSEL 



Thl« ipjj^rt includes alt 
• vti'Jabl* informa^on up to 

1 April, 1944 jBjit, 



1 tin ICIAL NO. 

SAMUEL DEXTER (a) . 1243200 
_ Delta Shipbuilding Co. a Inc. 
War Shipping Administration 


Pry Cargo Vessel 

t-U I I 01 C ' i HUl 1 NO 

# 42 


M.C PCSiSM 

EC-2-S-C1 
15 Apr. 43 


Waterman Steamship Agency, Ltd. 


EXTENT Of WELDING 



[Yefc«" 



• TO JIM \al<i 



Hull all welded 

lYei fl0 ' T0 " «-* (Yei 
[Ye^»^rc»K u m 1 1 ' |Ye£ 



l»N|« BOtlOM H»NS 



« not ion itori s 



• •, f ) 4 ■ Ml » 10' ' OM 



Ke* 



•r.«»«i to ore * 



< N tO (I 



CIRCUMSTANCES SURROUNDING FAILURE 

(Attath all nfeai'/aM# dtti*U% of \hiP'% loading) 



0»'f 'If F* 1 1.0.F 

21 Jaiu,JL.944 _ 
Hove to 47 RPM 

M* (OMOt) ION 



High seas 



8 



ring 



2100 
United Kingdom 
to New York 



Bad weather 

.mo Oi.KTiqn 

wsw 



10< ill Id* 

Lat . 540-48 • N; Lpn&. 220-45^ W 
9/-B" 21 • 

3 points on stbd. bow 



AID KMPtftATuftl 



40° 



480 



DESCRIPTION Of FAILURE 

{Include tkttch of fr<ntur< shoeing ttorttnf point and 'ttotivt location of »tlds and ether structural features) 



Forward corners of #3 and //4 hatches port and starboard, all 

-j^our-xiracica starting .exactly in coxnex*._ ._A£t jport comer j£3_ hatch 3 crad ks. 



Starting point uncertain. 

At 2100 on 21 Jan., deck cracked opposite #3 hatch and vessel was 
turned with stern to sea. At 2116. deck cracked at #4 hatch. A thorough 
examination was made on 22 Jan. and the two cracks from the Ford, corners 
of #3 hatch were found to extend across the deck and down the side to 
below the 2nd deck port and starboard. The crack across the deck from 
the stbd. fwd. corner of #4 ran down the side below the waterline. The 
top of #3 deep tank in ^4 hold was partially oracked. The crack from 
the port fwd. corner of y^4 ran across the deck a distance of 2'. The 
weather moderated during the 22 to 24 January but a watch was kept on 
the cracks which were gradually increasing and opened and closed l n in 
the seaway. Bad weather was forecast so between 1530 and 1630 on 
24 January, the vessel was abandoned. 



CU^I"it.*TK>N Of ?«IU»l 

Cracked deck. 



DISPOSITION OF VESSEL 



JTessel drifted ashore on Barra Island of the Hebrides. Future undet. „ 



See reverse side for loading details. 
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LOADING AT TIME OF FAILURE 



Distribution of Weights 



Lightship 

Crew, passengers & stores 
Fuel oil, settling tanks 

Deep tank #3 
Fresh water, potable water 
tank 

Reserve feed 

Forepeak 

AT tpeak 
Salt water ballast 

Deep tank §2 

Inner bottom 



3670 Long tons 
30 
100 
613 



On the basis of the loading 
shown to the left, bending 
moment calculations were made. 
The uniform calculated stress 
in the crown of the upper 
deck when on a standard wave 
with crest amidships is 
16,700 lbs. /in. 2 



Ballast in holds 



Displacement 



#5 



7911 Long tone 



Corresponding Keel Drafts 10.51 Ford. 

23.05 Aft 
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REPORT Of STRUCTURAL FAILURE OT INSPECTED VESSEL 
WIITEO i f ATtI COAST tUAftP 



OESCRiPIIOfl Of VESSEL 



1 Oot., 1944 tH 



JOg R. POINSETT 



242838 



Homton S hipbui lding C orporation 



f ln fc Ad^nletret^on 



»«#( f»tf*4*r. (Ic.i 

Dry Cerfco Vaaeal 



Iiilm*- l .all • 



4* 



a. C. Mil** 

EC 2- S -CI 



»*T ( coo'imi 

28 Feb.,'43 



EXTENT Of tf£! DING 



Tea 



1 t*IU 111*1 



[ YaaJ .....!.«.» | _ Y **1 " * 



IS 



Ytil I MCI KMH 

MCI Hill 



I Yea ] ««••» t» »<(• 



CIRCUMSTANCES SURROUNDING fAILUtE 
>«* ill 



t*lf f)H»M 

4 Heron, 1944 


0540 


f*l* | io'*<i«i 

Let.63°~30* K* » LonK.58 o -80' W.,in »• Atlantio 


Approx. 6 knot a 


Waet by South 


**»»t 

13'-0" 


M*T (ft 

21 • -6* 


Rour,h 


* 

Heavy 


• mm** *r wmii «>>* *iftct i« %'<r 

3 point* on Rtarboard bow 


a - u 




*<■ T|Mf(*«tVI| 

2Q° 


■*T(« h«M*»1i*i 
400 



OESCRIRTIOR Of fAILUtE 




A loud report, followed by two eweller onei, wea heard, the engines were • topped, 
«nd a general alarm wee given. Iseaedietely afterward, the forward and of tha 
•hip i«p*r«t«d from tha aftar end and floated away* Tha veeaal parted between 
rrejaaa 82 and 83 on the aterboard aide and between fraaiea 78 and 79 on the port 
aide. The deok fraoture paaeed between the after and of #3 hatoh and the forward 
and of deok houae froai etarboerd elde to Inboard aide of etraka C-1C ertiere the 
fraoture ran longitudinally forward to f ranee 78-79 end went outboerd on the port 
aide. 

Beading aouent in etlll water - bt>,900 Ft. x Tone Hog et #3 Hold. 

Streee in crown of deok r 8,900 Lba./in. 2 Tvnalon. 



DIlPOSniON OF VESStL 

/f*»atr»rf. I. ft il>.f 



JrckB lD , two, e 



VJll'eT 1*1 abtnd:6naa at Ibuu on o Maroh, 1»44,~ with no loae of life, forward 
end aank. The after end r<^ol\e^ Halifax. X.3.. aft 02QO, oa 22 March, by tpybo^. 
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DKS< IKIITIONS OK TIIK FA I MIR KS 

Type* of IVssel* and ('lasit {fixation of 
Casualties 

A summary of the type* of ships repre- 
sented by the 100 samples examined, and 
of the number and classification of casual- 
ties, ages of ships, and temperatures at 
failure for the various types of vessels is 
given in Table I. The vessels in which 
failures occurred were of several different 
types, and had been huilt at a number of 
different yards. Hull fractures are classi- 
fied in accordance with the definitions on 
page 19 of Reference 1, as clans I (serious), 
class 2 (potentially dangeroiiH) and clans \\ 
(minor). Table 1 also shows the number 
nf vessels of each type which broke com- 
pletely in two or suffered complete frac- 
tures of the Htrength deck or the. bottom 
(both included in class I failuroH). The 
hull structure wan not iitvolvod in four of 
the casualties: A rudder tube and a crack- 
arreator strap on Liberty Ships, Type 
KC2-S-CI, and two mast failures in 
Victory Ships, Type VC2-8-AP2. 

Five of the casualties probably resulted 



from daiimxe J>y ire or Moating objects 
three from minor rollimoiiH with u tog 
while docking, two fimn poHHiblc ground- 
ing and one from an underwater rxpJoHion. 
The other casualties occurred under 
normal operating conditions, or in a few 
eases, during building, alterations or dry- 
dockiug. Three of the shipH were of 
riveted count ruction: two Coast Ouard 
Cutters in which plates were cracked while 
navigating in iee, and a 31-yr-old collier 
that broke in two during a severe storm.* 
The original hull of another ship was 
riveted, but the fractures occurred in the 
welded superstructure during conversion 
Two ships, I>oth T2 tankers, which had 
suffered separate casualties at different 
times, and at different locations in the 
vessels, were counted twice in thiH inves- 
tigation. In a few other instances, n 
sample included material from separate 
casualties of the same ship. These were 
considered as a single casualty, and were 
given the same NHS ship number.* The 
records indicate that several of the vessels 
included in this investigation have suffered 

♦ The "NHH nhip number" aMiiccifd to f«rh 
veaaet d<x» nol oorrt-spoml lo the *hij> number* 
u«ed in some of the t+t*rvn«&*. x ' ami in Nignifi- 
eant only for nlrnliftcation of ihe nami>l*» re 
cmveU And puUen t**t*<\ M this Uhorntory. 



previous or subsequent casualties, but. 
samples representing these failures were 
not obtained. Previous failures arc not 
considered in thiw report except as tin y 
might influence the faihi-e UM.'ar iuves- 
ligation, for example, a failure of, or result 
ing from, n previous repair. 

The Jtge of the welded ships at the time 
of the casualties ranged from one rmnu(< 
( after launching) to more than 10 yearn. 
A few of the cracks occurred during con- 
struction, before or after the ship wa.s 
launched. Most of these vessels were 
built during the period of World War II, 
and the majority were less than thr«'e 
years old when t he failures occurred. The 
average age of the Liberty Ships (Type 
EC2-S-C1) was somewhat less than for 
most of the other types, probably because 
of the large number of early failures result- 
ing from structural features that haver since 
been modified. The relatively few 
riveted ships were 10 to years old. 

The temperatures at failure are the air 
or water temperatures that were reported 
at the tune the failures occur r*rd. Tem- 
peratures rc|x>rted at the time a fracture 
was found were disregarded unless there 
was some reasonably definite evidence that 
the fracture actually occurred at the time, 
and not previously. 



Table 1— Summary of Ship Types, Classification of Casualties, Age* of Ship*, and Temperatures at Which Failures Occurred 



Tyr* of veaaei 


total 
Nwjbar 


N vertex and CUaalfloatlon of Casualties 


Afea of Ships 


°Ttaaeperaturaa at Failure 


of Ships 


*Broke 


*Dack or 


CLaae 


CUee 


CUaa 


Other 


Months Afloat 


Averaf* 


San (a 


Mo. of 




fccaained 


in two 


Bottom 


1 


2 


3 


(Mote b 


Ararega Ranfe 


•r 


•r 


Slips • 


A. Liberty Oarco Ships 




























30 


1 


2 


13 


6" 


7 


2 


23 




bo* 


23*-56* 


(16) 


B. Tanker* 


























T2-SI-A1 * 12 


27 


7 


1 


19 


7 


1 




53 


2-96* 


b6* 


30*-67 # 


(21) 


TMUVTL 


1 


1 




1 








U 


(1 only) 


35* 




< 1) 


Tankar, Not MC Typ* 


<; 




1 


5 








5B 


9-122* 


Ui* 


l|2"-l|6* 


( 0 


T0U1 Tanker a 


33 


6 


2 


?> 


7 


1 




51* 


2-122* 


U5* 


30 # -67* 


(25) 


C. Ml ac&l lanaoue Type a 


























C2-S-E1 «nd Hod C2 


9 




1 


5 


ti 






63 


?1-100 


b3* 


27*-60* 


( 6) 


C3-S-A2 


5 




1 


3 


2 






62 


17-110 


52* 


Ii6*-S6« 


( 3) 




5 






3 


2 






31 


l*-75 


Ii0* 


2li*-S)* 


( 3) 


VC2-S-AP2 


5 






2 


1 




2 


57 


7-95 


35* 


20*-5li # 


( k) 


usooc 


3 








2 


1 




128 


55-207 


32* 


3?" 


( 3) 


ftlvetted Collier 


1 


1 












377 


(1 only) 














1 








32* 




( 1) 


All Other Type* 


9 




1 


3 


3 


3 




73 


0-300 


17* 


0*-60* 


( 5) 


Total Misc. Typea 


37 


1 


3 


17 


lit 


ti 


2 


7li 


0-377 


35* 


0*-6o* 


(25? , 


TdUI All Typae 


100 


10 


7 


55 


* 


12 


If 


52 


0-377 


li0.5* 


0*-67 # 


(68) ] 



Httober of vessels laMch broke ooeipletely in two or suffered cojaplata failure a of deck or batt*. ****** 
maters, included in Oaaa 1 (aerioue) casualties. SCk ****** ■ tr# »fth 
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/•itf. 2 Piece of ship pint e fractured m the laboratory 

Frurtur«- nuurcr i* ut intcutlniutl arc ulrike (arrow* A) t similar to fracturr wurr^ in u ship 
shown in Fin. 12. Arrow™ O and £ indleulu arc strikes with nmall deposit of wctrl m.-tal Note 
that the frurture »oiirc<- in at the nmullrnt crater. X 1. 



Moat «»t the casualties i M'i-«i ■ rt-i I nl. |»w 
lempcinl.nres. The h i^ln -h1 lempcintnrc 
it v\ liif-Ji h fracture is dclmiteU known to 
hav« darled in <o" I'', it lit I Hm- Ihuc^I, ()" 
I Tin iiiujoiilv ol the haclnics M/uted 

:»t .« j watei li iii|iri:iliiii"i bet w-vu M\ 

and I.V F, and tin 1 few which occurred :it 
higher h'HI|M'l (ihin-H generally did Hot 
propagate extensively. No i elation has 
been toiiid] between the ages of I hi- ships 
and l-hc failure temperature*-, even when 
■diips ol I lie same type wri t- considered. 
There appears to be no significant differ- 
ence of failure temperatures for ships of 
dihVrcnl types. 

Origin and Propagation of the 
Fractures 

A ship alloat may he con. si do cd as a 
hollow Isam or hox girder subjected to 
complex nnd variable forces, which arc 
further complicated by stress ronrenl ra- 
tions resulting t ii mi the umiieroiiH struc 
I if nil discontinuities Mint an* necessaiv to 
I lie fund ion, opeiation or construction of 
the vessel. Al sea, I lie s( incline may ii» a l 
hh a bridge he twee ii luu wnvr ciests, or as 
a seesaw balanced hii I Id- eiesl nl ;i single 
wtive Thus I lie stresses, especially in the 
deck ami 1hi» bottom, may viu v in n short 
time from maximum compression lo uiaxi 
mum tension. These dynamic stresses me 
:iddcd (algebraically ) to I lie move or less 
static si reuses such as those resulting from 
the distribution of the weight of the vessel 
itaelf and its cargo, from uneijual thermal 
expansion lue to temperature diftcrences, 
ami probably also from residual stresses 
caused by fabricating operations or acci- 
dental damage. The fractures un- 
doubtedly occurred under conditions such 
I hat additive tensile stresses, magnilied by 
the effects of slrcss concentration, ex- 
ceeded the fracture strenglh of the steel. 
Itclalively little was known, when these. 
Hhips were built, about- the magnitude of 
the stresses and stress concentrations 
existing m welded ships under various 
operating conditions Kxlcnsivc studies 
id these fields have, been condlicled during 
the psist decade," mn] hnve indicated tlml 
••tress concentration factors of '.' to ,"t, and 
even as high as l.ti may oceui :it structural 
diseont inuit ies. 

The weather and sea conditions ut tin' . 
« i in» a of the casualties ranged from calm, 
in port, to heavy storms at sea. From 
the circumstances reported in .some of the 
eases, it apjiears that the stresses existing 
at the tone of the casualty must have been 
almost rut i rely static. However, in the 
majority of the failures, dynamic forces 
resulting from wind and wave action, from 
inerlia loath; caused hy the pitching of the 
vessel and Irom the interaction of elastic 
waves in tin; steel could have contributed 
large and vnriablc components to the 
-"tresses existing at the points where the 
fractures originated. 

Stresses resulting from unequal thermal 
expansion in different parts of the hull 



structure dne to large differences between 
the air and the w liter tenij>eratun'. Molar 
radiation on part of the vessel, rcfi igerab-d 
cargo spaces or hcil ingof t In: cargo oil may 
have boil contributing factors in several 
of the failure- < 0 - 11 

The loading and distribution ol I he load 
in the vessel' wjis undoubtedly a hietoi 
emit I ibi|] iug to some of the casualties, id 
though id scv« imI Nhipn in which bartnn«M 
oD'oio-d 1.1 1«* • oh nbi t» < J avi-niK'' '-tiisH in 
the drck or the bottom was Ichm lliso 
I'J.tKHI psi t oi roughly one third tin* yi'ld 
poiot of the '.terl. 1 Kinetur.-H origin.-ilrd 
in th<- deck a;va in six of tin* lankers in 
eluded in this rcpoit (NHS ship Numlu-ih 
11, ;tti, 'Mi, 17, .72 and lit). Five of thrnc 
ships broke complete!) in t uo. 1 uoot them 
while in port in relatively still water. 1 1 
was noted that in all of those ship* the 
cargo tanks were light, This resulted in 
a bending moment that caused a tensile 
stress in the. deck as illustrated bv the 
positions assumed by the two parts of the. 
broken taukei shown in Fig- 15. The re- 
maining "Jt> <'la*s I :tud 2 casualties in 
tankers (including thn->> shijis that broke 
in two) oeeiureil when tin' vessels were 
loaded, .md nil of l hes«- fvael nn-s <n iginsli'd 
m the bottom oi bilge shaken, with the r\ 
caption of one in tin loiepe/ik ( N BS ship 
No. 7H. Tin- irlativ bending moments 
of ji lo.-ided Inokci slid ol on>> tlml is hghl 
may be visnsli/ed bv rompiiniig I'ig t 
(lojtd.-d) mid l-ig. I. r i (light I. 

The Nta> tine poiute <<t more lleio \m\t of 
the fractures of known oiigm wnr in tie* 
immediate vi'inity of .-it i net oral featuich 
such as hatch comers, kiddci entouls oi 
other opeuii^, *>r al lie- abrupt tctmuia 
tion of Hti/Teners sm-li as a bilge keeJ, 
longitudinal, doublcr plate or parts >>f the 
supcrstructun- Tin: origin of the frac- 
tures at. these points may b>' attributed 
primarily to the stress concentration re- 
sulting from a geometrical or structural 
notch, although in nearly every case the 
metallurgical elTccts of welding, flame 
cut ting or mechanical working were also 
present, arid these effects arc not sepa- 
rable. 

Another third or more of the fractures 
originated in defective wclda, some asso- 
ciated with structural notches, ami others 



in which the only notch present that 
resulting from the welding defects. \ feu 
fractures stalled ne;ir interlocking uchK 
such us at points where a p>id or donblei 
was welded on to]) of a seam or butt weld 
or when two weld heads were hud no < lose 
logel hei that a small mechanical noli h wa% 
folUHil between the Welds ]|< both ol 
tliCMe eolid'ltioiis, the hi«;it nlleeh'ij /.one- 
ol two nehls overlapped oi joined The 
oiigm of these 1 1 ae tines probably re Milted 
Irom I he combmal ion of a minor meehtin- 
ieal notch and the met allurgieal i-ITeets i*f 
I he Hui» a eH«ive healing and r«>oling e\i|e«. 

Several ol the hactlires originated at 
an- si tikes or craters forn« a d by slrikmg a 
welfhug an- on the |>lat<' outside of the 
weld /one, or near small shallow welds on 
heavy plate. As some of the feature* of 
the arc strikes in the ships were obliterated 
by the effects of corrosion, an example for 
illustration was prepared in the laboratory 
Intcnlional arc strikes and small weld 
beads were made on a piece of ship plate: 
the piece was cooled in contaet with dry 
ice frO.ii, ami broken with a liammer blow- 
while supported as a simple ls-ain. The 
piece fractured without measurable b< nd- 
ing. and the origin of the fracture was at fi 
small lire strike, as shown by anows A in 
Fig 'J. The appearance of the "fisheye" 
al the origin of the fracture, iumieiliatelv 
under the cvaln, iH 'Jiinilnr lo those r>|>. 
•n i veil in the ship fractures, sneli as I home 
illustrated in Figs II, 12 and 17 A com- 
panion piece, leslrd without uie « I < ik >*h 
or welds, witlistotnl stsveral blows and 
bejit without tract (ire. This, experiment 
dcmoiiatia'.c" that an an- strike in an 
effective notch, and that failures originat- 
ing at such defects, as observed m the -<hip 
failures, may be reproduced in the laboro- 
I « »ry ■ 

Figure ') shows a longitudinal cro.-s 
section through the arc strike and small 
deposit of weld metal indicated by .arrow 
li in Fig. 2 The difference of the struc- 
ture of the metal immediately under the 
crater is an indication of the metallurgical 
tranaformal ions that have occurred. 
Under the conditions imposed by an arc 
strike or a small weld, the temperature i* 
raised to the. melting point in only a small 
portion of the total mass. In other 
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V.ll 



f.Vo.s.s sec/inn thnmtih itrr strike «nW mW«/ t#tW<#/ stt4»tctt h\ umhv 

11 in I it;. 'J 

lie il<<fr<'ts diiil t itiiU in I Im' v»«-M mi-tnl (0»f#), Mini thi' ililTiTi m i iif -.1 » m liin of 1 lit- ImmiIimI 
uli-r) mill llir iiiiiilTcrlvil-liiiHC inrlal (ootoon). - 75. 



words, thin heating effect is highh local- 
ized, thus tlic relatively large mass of 
<urroundin^ metal serves In eonduct I. In* 
Ileal away very r:i pi<i 1 \'. This amounts, 
in etTcel, to ;l drastic quench, whii:h causes 
changes in t Hit metallurgical structure of 
the base in«'t;t 1 in Ihe heated zone, us 
shown in Kig, 'A. The resulting si rueUiic 
if hard ; t r 1 1 1 brittle, rintl in a Ntat.it of tensile 
stress caused by restrained thermal con- 
traction' and volume changes Ihut accom- 
pany the metallurgical transformations. 
This nifi.v lead lo the formation of small 
cracks, hut even il cracks an 1 not formed 
immediately, the condition constitutes a 
"metallurgical notch" that may In- as 
i Iteel i\e :n a mechanical not el i in r«nli 1 1 • 
mill}.'. In Die origin of i fineliiie 

Kxannitnlinits itf It art tin's ntul nf 
\\ rids 



laiiH'd. This soliitn.n does not. aet as 

rapidly as s illiei nist removcis, hut 

il does not etch tin* il i id« rl yi i IK steel sur- 
faee to a serious extent., After cleaning, 
llie specimens were rinse<] with tap water, 
sprayed generously with alcohol ami dried 
imiiH'dialely mi an air blast, 

The frarluo'S were predominantly of a 
I nil I le type, characterized h\ a break 
heaily |m«i peiidicular to the plate surfaces 
and a. verv small .eduction of thickness 
I usually h'^s Don 'J oi at Ihe fine- 

hue edge, < .em iallv the paint oi scale 
on t hr plate sin T:ne:- was not craetnl. 



the 



l.sunll.v 
dimples wen 
t'li ;i niug w is 
e\.tlum.itio«i i 
ti. ■!(••< of rust 
hri< 



fracluivd edges of tin 1 
badly rusted, ami some 
eer-.snry before a ilelailed 
old lie made. Loose p:ir- 
tvele removed with a still 




lau.di, and suitable solvents such 
as acetone or earlioii tetrachloride were 
used to remove the oily residues with 
which many of 1 lie plates were coated. To 
remove the remaining rust deposits. I lie 
ir.-Murc edges were soaked and scrubbed 
w H h ;i sat m at ed solution of dibasic 
iirmuoiiinm citrate, f.\ 1 1 4 v £ ] I ( 'J I ,( > ; , in 
w/irni water. Vigorous scrubbing with ;l 

-till' brist le brush (oftei at il Hied for 

several hours) was i essacy to remove all 

I races of rust. **n that satisfactory photo 
graphs of Ihe fraetnre edges roiihl be oh 



even very near to Hie fracture, Tin., 
-ihow.s that the fine I Hies had propagalcd 
will) very little phiMic de format ion of I lie 
slecd, and thai I he ,**l I ess :il p-.-int- a small 
distance from the Iruclnie in js. |, !t vc been 
lower than the \ ield point. '•■ e> evident 
therefore that veiv little ene«"n\ u.is 
absoi bed in the pi'opagalnm ol I hese h .e- 
tnre.s, In the immediate vicinity ol flic 
llaeture, however, the ^harp notch ;il I In- 
head ot the ad\;iueiug crack eail^-d a 
stress eoneent rat ion wliieli exceeded the 
fnteture.^treiigtli of the malei iab. 

r rhe surfaces of tln-se brittle fraehues 
were rough and usually bore i hm ;iet(|r- 
istie markings, v\ liieli have been described 
as < lievrons ( herringbones, or arrowheads, 
;is sliown in the fracture of the bulwark 
plate at the ri^hl in Fig. 4, ink] in several 
ot the following photographs. This Upe 
<>l Ira' tijic w, is observed am] lepiodmcr} 
:M I he National liuieuil of Standards about 
to \e;us :igi». in lesls eomlneted lo deiei ■ 
tome the source ol' a brittle- failuo- ol im 
iiierntt pait. These tests, which were 
discussed in Ihe firsl \'|IH report on the 
r\ annua I hhi ol steels from a Inclined 
•.hip, 1 " showed that a brill le failure mn\ be 
produced in a noiiiKtlly ductile metal by 
applying ;i tensile stress t(< a uf>tehi'r|- 
}»late .specimen. The tiist»- ai.-o estab- 
lished the fact thai the chevrons point 
back toward tin' origin of the Iraeturc* 
This made it possible to locate tin- lourcc? 
of the fractures in the -dup*, as tor ex- 
ample, in Fig. 4, in which the chevroua 
point tu a faulty butt weld in the bul- 
wark cap rail at Ihe top. 

A small percentage of the fractures 
were of the shear type, having >ome rc- 



* <<&<-f-|itiOM to thin r»ih' is imo-d b> Kit*. 
./ nl.** in that tr>verst'<l i:hi'\o>iiM tuny he pro 
ittit-nl ((>■ niih 1 Hiinitflim, w\m-.h |.im«otc \tuli% 
lion ot fiaelnre i-cnli-ot uv\tr tic nirfiir.t^ rdd.rr 
itiHH ID t ci nor ef (tie pllilf. 




tit;. I SiitUile tr rid hi a bulwark cup rail 



i lM'vroriM («r lii rrinKlH>nr. iiiurkingM) in thv fracturi' of the hulwark plate 
>it I lir right pnint tuHuril Ihr Noiir«-t> <if the frarturr in the cJefrctivr weld of the 
«ii|> rail. I rai l nre HlurtiiiK at tliit* anil lv»i> Himiiariv ilrfertive >»i'tiU in the 
in 1 1 tiiiIm pn>piiKat<>tl to no i hi' «■ romjilt'te fuilun of thr wtrrnRth ilirk. !NBS 
Shi,, Nil, 17. I'vpr < J-S-KI. / 11.7. 



\\ t If turns, HlliMfft Slid ft, i Shifts 



Wki.ijjnc; Kkskaim'U Siji»i«i.kmi-;\'i- 
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I'itl. ~> St* nut at the em/ of <j shear fracture slumn by cracking of the point on 
tlx*' itthtmnl sir/e of tin* plate 

A lirill!«< fiMiturr, pri*|»iiK«ltii|l from iiIxim-, i-liiinjcrit |<i Tin* khear typr I" the Hcam weld, and 
rn*l« <l mi I If l«i*rr pfnl» CNIIS IMul«- N»>. f>0 A > 1 '■/ mi. below I In* welil. In I lie plutr ulxive, the wtrain 
H«lia«'«tU IoiJm hrilllr fnu lure t.m nm mmIImm-uI In truck I Im; paint . ,-' 0.f> approximal rh . 



i Im 1 1 hi i ill 1 hick liens 1 1 cm I' tin* 1 1 inline. :in<| 
i ]:«■ in 1 1 v showing evidence til dmlihtv in' 
llit cracking nf the painl and m-iiIc !«•■ 
1 1 1 1 < distance I rmn 11m* liacluic. The 

billing poilll.S 111 Ml*' fl'.'iellllCH BI'IV .'ll 

ways < i T thr brittle t \ pe, show ing no 
Mi;i«TOH4:opi(* evidence iiI shear, I ml in 
several iusl-aiiees brittle hnictures changed 
t < j tin* shear Upc, and mi :t lew of tin* plales 
allcm.iliiig shear :iinl hnMle -;ih w»rr 
observed. Thi* shear l\pe fracl hits wen- 
generally found in thin plale* .nit I were 
Usuall\ associated with the l'nr edge of i 
phlW, 1 1 JC pH'SCIlCC nf i>vH holes Ml 

openings, defnrmat ion « «t" I 1h« plale or I In* 
oniling of a fnmtiirr. Ku. It frnrt uivs wrn' 
not found in plates nmre Uian 6 ' N in. thick 
r\4vp1 in one case, :l deck plale (NHS 
plate No. Hie. 13 r M i in. I lurk ) w liich had a 
shear lvp4- fracture iiitcrsccl iug :i luilllc 
fraclmeat nearly a right angle. 

Mu:i*im nirutH of thr l hickness rcdm- 
tiou ;il l Im frai ture edge were made when 
the condition nl I he sample p<* rmiilcd 
reasonably aeciuale deleinimat ions. 
NV.irlj of t.hc receni samples wrn- ^o 
ludly conodeil ami pitied thai aecuralc 
measurements could nol he made, and 

many of I ho other samples did not t - 

lain ;i Ir.'ulure edge, or the fraetuie was 
hallcred. « hipjM'd or welded The thick- 
ness ledliel ion :il I In* hrillle fr.iclurch 
ranged irom Ik I In 1%, Mm higher values 
gcncmlh being .i.-hoi'MIimI wilh plales in 
which Ira-'! mrs ended, Kodiri'l ions of 
more lhan . r >% wen* found at Ihe she:o 
IractuicS. Must of the shear Iractuics 
were nl iln* smtile shear Ivpe. ami Ihe n- 
duel it in iii I lie :iel nal frae I ure ana w ;is mi 
diiiiiih <lh ^M-tt4-r I halt the minimum v.due 
ilfiermine<i h measurements at Iheli.-i.-i- 
m) the don Iraelure. Tliirkm-SH r«- 
duelioti>ol 'ihoiil. M)% \xvre I'otiml in l\\o 
Mini! are:n of double shear Ir.-iclnrc in 
NHS pi de .Vdi 20k 

Many of 1 1 j * ■ fraclures classilied .«■ 

I n il t le I \ pe showed liario« /toin"- of she n 
or -diear lips idjaeenl In I In* pi ile stir 
I. ices, nlinli prol(.ihl\ eoutrilillted iii.Oi- 
lialls Im the inPil lliirkriCMH redm-li<m- in 
ihese r.-iM'i, k'oi esaiiiple, <»ii I'kile 1 7< ' 
ihe sheai hps were :il le.isl II in wide 
[II 0 I in |..r liolli <u\en of I lie pl.llel The 
plate f I « 1 1 k in- w -m ll.li I in :md I he :iwi 
age Ihirkne*. ledurlioii was l)0*J in <n 
\ '' r ll \\<- .i<<s|inie ;i lliiekliess mine 
I Kill el 2o'v, III I ll<- /(Hies ol sln«;ir ll.aetllie 

lins would :iecMunl lor 0.01 iii or h.dl <<i 
lll»- lolal ihhkiie^s rediiel lull. :illd H<. 
ihieknrs- reduetiiiu in ihe hrillle pol ol 
ihe fi.icluie would I hen he 0.1)1 0 h - (). m 

i.7«-;. 

Some ol the plales were not Iraeluied 
comjili-iely through in :i f4-w sin.tll areas. 
Kivin^' Ihe ippe.-nance of iui inlermit t eni 
fr-n-iure, .-ind occasionally crm-ks several 
incite?, lung were found on one side of :i 
plate, w it 1 1 no visible imlieal imi of :i 
crack on the other side. When lhe-«- 
fra*-tures were broken aprirl. for e\amina 
lion, it was found that only a thin skin mi 
shell at Ihe plate surface had not been 



I V.-n-l in ed, n h responding In the zones ol 
shear fracture ol»sri'v< d le-ar the sjirl aci- 
ni in-inv of ihe pkiP-s which I in • 1 Iraelun-U 

CMUlpli-lely. 

Tin' ^heri;' lips :ind the o<-c;i jmiiu! ab- 
sence o| ll.icluie nr. I Ihe pki I e si|l j :ie» 
m:i\ In :d 1 1 ibiit.i-tl Im ;i ( MHil.iii.il imij mi I w o 
hiriMis: u j i Oi l iinP-h nninhiM"-s near I In- 
plate siitl.-ic.-. i s pi -I ■ i .- d I \' in riiiinn-d sleeb, 
and decri-:e <-,| cmii 1 1 -mil oi biaxial sin-*-- 
near tin- pl .ic -nrl:n • 

l-'lcjne . r i illoslral' < i he (Licking <<l ihe 
p-iinl ir-ar 1 1 n ■ end ol a shesr fr.*u Din . 
iv hie 1 1 pi m\ i • 1 1 — a ii indical ion mI I he ^1 rain s 
in the vieinil \ ni a eraek. In lln- scum 
wi ld shown in Ihe phulM^rjiph, Ihe frnc 
line .-handed Irom tin- hrillle to I. In- -ihe.ir 
t.\|ie, .ippoenlU l.c.-;iu<e ot sll pel lot 
propel 1 li". nl I be weld 1 1 1* ' I : < I . aild I lie -he.'O 
fr.iclnrc Ii:»l1ed in Me- plale helnw, le^ 
lhan '. .■ n< limn ihe -,e:nii wi-ld. The 
cracking mi ihe p.-nnl indicale« Hial lln> 
plate V NHS plale lit) \ ) was delimited lor 
several inches ahead ol till- end of I he 
fracture, and lor ;il least an inch on each 
side of the fraciurc. Near tin- Iniltle 
fraclnre in 'he pl.-pe above, however, lie- 
pa inl was nol cracked (except I'mi a smajl 
area inimedialely adjacent to Ihe weld, 
and for the randum craikinR i-aiised hy 
crazing of I be paint lilm) indicating that 
Ihe hrillle iiaclure hid pn>p:igadi*«l at a 



strain le^s than thai re(juired to crack Ihe 
paint. 

A typical end ol a brittle fraoture in 
ship plate is shown in Vi^. 0. The ori^inM 
crack had rusted, and appears dark in the 
plmlnmaph. The lighter portion at I ho 
ti^hl was broken in tension in the labora- 
lorv. ('hevroriM, poinl.iriK to the lefl , 
i-oiild be seen in bolli the ohi aiurihe new 




Fifl, 6 Typical end of a fracture 

Tlic lighter portion at thr n«hl wn broken 
in trnHion in thr laboratory. The oHflnai 
rr»rk hail proffreHMed farther at the center of 
thr. plulr than at thr plalr nurfaeea. X 1. 
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portions <i( the Iractiire The original 
fracture hitd progressed somewhat larthcr 
at the center of tlx: plate than nl |HiiiitH 
nearer to the plale surfaces, resulting in 11 
semicircular or oval shape nl Uip Iractiire 
did Similar oval shapes, of varying 
symmetry ami convexity, were observed 
at every fracture cud which was examined 
and in every raw the fraetnre u.-ih less 
advanced at points near the plate surfaces. 
The chevrons were approximately Per- 
pendicular to the oval shapes of the frac- 
ture ends, suggesting that the chevrons 
were probahly the traces of irregularities 
in the advancing fracture front. Ivies, 
Snllivan and Irwin' 1 have .shown that 
chevron markings may he produced in 
plasties, and that, they may he attributed 
lo level differences of fracture centers 
which are initialed in the v irirrit \ id (la' 
loading edge of t he main crack . 

1 1. was also noted that the apex angles of 
t he chevrons were not the same in different 
plates, or even in different, parts of the 
Hume plat/*, hut the cause of these varia- 
tions is n >t definitely known at present. 
The experiments cited in tin? previous 
footnote and in Inference \'A suggest that 
this phenomenon may he related to differ- 
ences in the degree of biaxiality in the 
plate, wlmui would change the concent ra- 
tion of fracture initiation (tenters. How- 
ever, it might also he related to the speed 
of propagation of the fracture, the stress 
level at various locations along the path 
of the fracture, the notch sensitivity of 
the steel or nouhomogeneity of notch 
sensitivity in the thickness direction. 

Semicircular or oval markings, similar 
to the. shape of the end of a fractuie. were 
observed in several of the fractured plates. 
Often these marks were acconipmued hy 
a difference in tin; degree of corrosion of 
the fracture edges, a change in I lie direc- 
tion of the fracture or a slight indication 
of shear t\pe fracture, indicating that the 
crack had stopped temporarily at that 
point and had progressed further at a later 
time or under different stress conditions. 

The fractures in welds* occurred in 
regions where the strength of the w«ld was 
reduced hy subsurface defects which intro- 
duced internal notches or which seriously 
decreased the effective cross-sectional area 
of the weld, as shown in the butt weld of 
the bulwark cap rail at. the lop of Kig. -1. 
Usually these defects were not visible on 
the surface, and would not. be detectable 
by ordinary surface inspection methods. 
In all of the fractured welds that were 
examined, very evident welding defects 
were found, such as slag inclusions or 
porosity, poor fusion, or insufficient weld 
metal due to inadequate joint preparation 
or lack of penetration. When the frac- 
ture encountered a sound area of the weld, 
it turned into one of the adjoining plates 
or, in a few instances stopped. Usually it 
was not possible to determine the exact 

* KmuImim imrulM In n wlit. n« iIinI oiKiii»li> >t 
from fitit'Ojr<m wiurli propiiKiit .-,) uron* .,, 
'I Hi* ii w.-l<t friim ')<!.■ (.title Uk li.t- ih-xi 

5(M-.s 



st hi ting poii)' or the direction of prnpaga 
lion of a frm Mire til a weld, us these frue 
tnreM did not show the herringbone mark 
ings or die v roils eharaetei ist ic of I In- 
brittle fractures in plates 

Summary ami Kvalnatitm **f 
Ohxerwttiim* 

The lack of ductility and the brittle 
nature of t in majonl \ of the fractures in- 
dicated that when t he steel was in- 
corporated in the structure of the ship, 
the mechanism of fracture, or the mechan- 
ical behavior of the steel, was not the same 
as when determined by the usual tensile 
test., using relatively small specimens. 
This phciii tiiiriion is Hiiniliir to that ob- 
served in te-ls of notched specimens in 
tension binding, particularly at low 
temperatures The similarity is also evi- 
dent in tin* facts that the Iraetlires in I he 
ships occurred more frequently at the 
lower operating temperatures, and th:it 
tin* starting points ol the fiactnrcs could 
be traced, invariably, to geometrical or 
metallurgical notches resulting from struc 
tural or design details, fabrication proc- 
esses or defective welds This phenom- 
enon, called notch sensitivity or noich 
briltlcncss, is not peculiar to ship plate 
{done, and is not confined to inctaK. The 
scoring of glass for cutting and the notch- 
ing of cellophane wrappers :ire familiar 
examples in which notch sensitivity is 
utilized to control the location or direction 
of a tear or fracture. 

The most serious aspect of notch sen- 
sitivity, however, is not the fact, that frac- 
tures may start at structural notches, 
but that in a notch-sensitive si <•< I a crack, 
once started, will continue to piopagah at 
a very low energy level Kcalixaliou of 
tin* fact, lot-ether with the observation 
that in riveted ships the fractures usually 
stopped at 11 riveted joint . led to the in- 
stallation (in vessels ahejidv built and in 
new construction) of riveted straps cover- 
ing a longitudinal slot in the deck, the 
bottom plating or the sheer strake, as a 
preventive measure to limit the propaga- 
tion of fractures. The effectiveness of 
these crack arrest ors' 1 shows quite con- 
clusively that the propagation of the 
fractures w;i< not. a direct, result of the 
loss of the strength and support of the 
structural members initially fractured, 
hut was due primarily to notch sensitivity. 
Propagation of fractures was halted by 
the crack arrest ors in nearly every casualty 
of vessels so equipped, and in the few re- 
maining cases it. was reported that the 
crack arrestors delayed the propagation of 
the fractures. Thus, even in vessels where 
almost the entire deck or bottom was 
fractured, the remaining structure w«« 
able to absoib enough energy to prevent 
the immediate start of a new fracture on 
th:« other side of the crack arrestor 
However, in the presence of the hcv<*ic 
strcNM coio ontmtioii caused by tin- initial 
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crack, the fractures could propagate n.1 
relatively low over all stress and cin».rg\ 
levels until t he continuity oXthe metal was 
broken by the mark arrest or slot. 

As stated previously, the more serious 
casualties in welded ships resulted from 
the propagation of fractures through or 
across the welds into adjoining plates 
However, in a milliner of cases far out of 
proportion to the relative are:is of welds 
ami plate metal, the fractures stopj>ed at 
or near welds which were perpendicular, 
or nearly perpendicular, to the path of the 
fracture. In several of the ships, it was 
noted that fractures appeared to avoid 
the areas of welds and heat-affected zones 
but propagated H to (i in. from a butt 
weld and generally parallel to it. Some 
of these fractures turned and crossed the 
weld at a rather sharp angle then turned 
again and propagated in the adjacent 
plate parallel to the weld. No instance 
can he recalled in which a fracture propa- 
gated for any distance in the hea^aflected 
/.one adjacent to a weld, or continued to 
propagate in a sound weld after turning 
from a plate 'into n weld. This indicates 
that sound weld metal and the metal in 
the heat-affected /.ones adjacent to a weld 
are not abnormally sensitive to fracture in 
u direction parallel to the weld. 

Fractures of the shear type were rela- 
tively more numeious in appendages such 
as longitudinals, free bulwark plato or 
eorrugated bulkheads than in the shell 
plates. This (together with the associa- 
tion of shear fractures with thin plate, 
deformation or buckling, the free edge of 
a plate or the presence of openings) 
suggests that shear fractures arc more 
likely to occur in members which are free 
to deform laterally, and that the brittle 
fractures arc associated with lateral re- 
straint. This constitutes further indirect 
evidence that, the brittle, low-energy frac- 
tures arc associated with notch sensitivity, 
since lateral restraint, and restraint in the 
thickness direction uf thicker plates, may 
impose conditions of biaxial and triaxial 
stress similar to those which occur at the 
root, of a notch. 

I lowcvcr, the failures necurred in vessels 
of several different types, and at various 
locat ions in t hese vessels, while then- 
were no fractures in the majority of other 
ships of the same design and const ruction 
It may be that some shipB fractured while 
others did not because the lack of notch 
toughness of the *teel was a borderline 
deficiency, as, over a period of years, the 
operating conditions would presumably 
impose similar combinations of tempera- 
ture and stress concentration at corre- 
sponding locations in all ships of each 
type. This supposition is supported by 
the results of the laboratory tests, dis- 
cussed in Part 2 of this report. 

KxumplvB of Typical f ailure* 

It is u 1 1 fori una 1 1 that ship construction 
Wki.dim; ItasKMcm SlM'IMJCMKNT 
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f itl. 7 Ftartnw art fit nut * *»l m hatrh r*>rttt>> i>J <i c«r««* r §•&*<•! * 

T>#w o-.s- 

urr« oritft nut tnff «1 Imlli tin' por» un«l fin* H|(»H»n«ir«l liutrli corner*. 11 
romuU-fc linliirc of th<- «|n n K 'h .Irrk. I'ho ni-I«t iilnnml '«« 

Mi«rlM»ur4l »t«fo. (I , S, Coo*! (Ultinl IMmfnicruwIl,) 



\RS .S/ii/f .\>r. 'f-\ 



i ilii* -hip rc-nill «■«! iik 
utii-ul ftiilur«'H on fill' 



requires large amounts of welding ut poinls 
of geometrical discontinuity, !i« in many 
case* I lie welding was blamed for a failure 
that was primarily a result of st ress con- 
centration at a notch created by structural 
design. Although some fractures 01 igi- 
iiiilcd in defective welds, mau\ stalled .it 
striK't.iiral notches in which welding w.i-j 
not the priuinrt contributing lactnr 
T\ piral examples of fiaetuie sources, sonic 
1 till resulted from welding operations and 
ot.heis in which welds uric not directly 
involved, are '.down in Figs V b> I 1 *, in 
elusive. 

A IracLuie original ing tit :i hatch cornel 
is illustrated in Fig 7. On this ship 
hi iniljt i- fractuies originated in tin 1 I'/* in 
deck inner! plates at. both the port and 
starboard of t» r corners of Nn hatch, 
resulting in a complete failure of the 
strength deck. The port Ir.nture c\ 
(ended across l.he deck mid into the -»ide 
plating, and the starboard Ir.ictme ended 
Iu-mi the edge ol the deck, :it :i bo I laid licit 
Ki leil as :i reintorceineut . The hatch 
beams and coaming, and the deck between 
the hut eh openings, did riot Iraclmc e\cepl 
lor :i few niches near the halch coiner... 
In two sister ships, NHS ship numbers 
70 and <1), almost identical fractures 
occurred (Hi the starboard side, but hi 
these vessels the port side did not liac- 
ture, although small cracks were found 
at tlie port hatch corners. 

Figure S shows a small crack that 
started at a sharp corner in a ladder 
opening of a Libert y ship. Similar cracks 
were found in both the poll and the star 
hoard ladder openings of Uiis vessel, and 
although they had progressed (inly about 

Ofi-ohKH M >■">.'{ 



1 in. when discovered, they did form 
Mever itches at ciitieal locations, which 



niighl have led to more serious failuie*. 
The openings hud been made by hand 
torch cutting, and subsequently dressed 
by grinding, Ilnwevei, several ilcep 
notches still remained <mi the edge. The 
fracture, indicated by the. arrow, was 
located at a sharp change in section, which 
was further aggravated by rough notches 
resulting from the flame-cutting opera- 
tion, and probably also by the metallur- 
gical effects resulting from the heating and 
cooling, 

A faulty butt weld in a hatch side facing 
channel is shown in Fig. II. Again (as 
m tin; wehl shown in Fig. 4), the weld 
metal did not penetrate to tin full thick- 
ness of the joint the original flame- 
cut edge may be seen in the renter of t lo 
photograph. The upper side of the wehl 
bad clacked at some previous time, 
ptnhhbh dining or shoillv alter the weld- 
mg. When the part was painted the 
ciack was covered over, and some paint 
pencil. ilcd the crack, as shown by the 
light areas near the lop of the weld, After 
this vessel was launched, but before it 
was completed, there was a sudden com- 
plete failure of the strength deck, starting 
at this joint and at. a similar faulty weld 
on the opposite side. 14 This costly failure 
might have been averted if, by better 
supervision and inspection, the initial 
crack in one side of the weld had been 
found and repaired before painting. 




/ in- H 
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Son #-«■<« «»/ Jraefitre slum it in Fig. 10, rwtved frmn itibwird and abaiW. 
shims arc crater ami globule aj jwW atrial on flnnte-cttt edge of sheer 
tit rake plate, adjacent to toe <>//«//#«/ ivehl 



tig. *} faulty butt weld* allowing 
poor weld penetration* in hatch aide 
fa* inn < hannel* IS US Shi/> ISo. 2> Type 
IMS-Ill 

Hurl* nrt'MN ui rrnliT on- origini*! HuiMf-riil 
. -im< of |iluti'. I'xirii |t< nr I ntfion in upper 
l»irf of tvilil (h«li/ iin un) in<li<ul< m wrlil wii- 
parity mil ked l»rfnrr puintiiiM SiiIm»i«x|iu hi 
failure «■/ wi hi lint I fi mmplf-lr frurl i»r»' nf 
-Iri iiRlh ili-i-k . XI. 



l'igures 10 and II illustrate another 
fractuie starting ;i! a scupper or cutout 
above the sheer si rake. Tin: source uf 
litis fracture (Fig. II) vv:is at a .sharp 
rli.'ii^c in section at the toe of a fillet weld 
between fhe sheer strake (below) ami the 
• ml til a small triangular insert phifc 
( :iIh'Vc i A small crater ami globule of 
wel<l metal (arrow ), probably formed l»\ 
looiiM Ktarv touching of the welding elec- 
trode to the plate, was adjacent to the 
itjk Iv. The heat-alTee U'd /one under tlrl 4 - 
globule was quite shallow and was about 
the maximum hartlnesN fur this tv'|X' "I 
■ tetd iKnnnp No. t00>, indicating vec, 
ctphl cooling. The edge ol the wheel 
-tiakc plate at this point had heeu pre- 
pared by maeliine gas cutting, Tin- 
energy ahsorption of a notched-bar teM 
,-peciinen taken from a point very close to 
this edge wan only (>0% of the average 
energy al»sor]>tion at the same tempera- 
Mire (70° F) of similar specimens from the 
inteiior of the plate. This indicate that 
tin notch sensitivity of the steel, which 
wa> already high, had been increased in 
the region of the flame-cut. edge by the 
heating ; i 1 1 < 1 cooling during the cutting 
i»perat ion. The origin of this fraeture 
was attributed to a combina! ion of factor- 
Mia uotcl(>M*nv)tive steel, with the notch 
^■usitivMv at I he edge of t he plate fnrthei 
aggravated by heating meident to the 
llaine cutting; (2) low temperature (4.V 
F1, which also increased the notch sen- 
ntivity; (.'i) stress concentration at a 
geometrical notch or sharp change in 
structural section; (4) a metallurgical 
notch near the geometrical notch; and 
t.'i) rough seas and a strong wind causing 
unusual stresses in the structure of the 
ship. 

In Fig. 12, the chevrons indicate that 
there are two fraeture sources in the plate 
near a rap seam weld. These fracture- 
occurred in the shell plating of a Coa*-' 
(luard Cutter while navigating through 
art ice pack. Both sources are at small 
eraters where apparently the welder had 
strut k his arc on the plate, away from tlx 
area of the weld, and with practically re 
deposit of weld metal. Tin: origins o! 
these fractures may be attribuied to tie 
combination of a metallurgical notch, the 
small mechanical notch formed by tin- are 
crater, stress concentration resulting from 
the overlap of the plates, the metallurgical 
effects of the nearby weld and low tempei- 
ature. 
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t in. I - plating of ('.tuts! Hoard Cutter <\HS Shift V*. ft) thuua^vtl />v << c. (diet rotts tot f rat- tared edge intlieate too 

fracture sources (arrous) at arc strikes on plate, near lap st ain weld. / 0.75 




t'iti. hi Source of fracture (arraiv f) in shell plating of a tanker tlutt broke in two at sea 

MtS Ship No. 8, Type T2-SK-AI. fracture nourc*- in aliout 2'/j i«. from tnmavrrac bulkhead » exactly at the end of an interrupted tongi tudinal 
■tiflfencr. >rn»w /J indicate llie interrupted longitudinal ot< the other hUU- of the hulkhead. 



A fractuie in ihe j-hell plat ing of a tanker 
thai- broke iit two at. sea is .shown in Fig. 
\',\, The < hevrons on the fractured edge 
clearly indicale the source (if l In- fracture 
in the nhell plat*', si t (he point, marked by 
arrow .1. Thi.s point, ahout 2 '/a in. from 
a ( ransverse ImlK In vxl u a-.- exact h at an 
end i»l a longitudinal stiuVner. The end 
of lie i orrcsponding longitudinal on the 
nlh. 'i M.|e <ij' I Im< bulkhead is indiruled 
b\ .n (ou li in I he pi ml ugi apb Tin 
longitudinals line were ililcmiptcd Inr :i 
span nl aboil I li in to allow ini iimi'I 1 urn 
ol I he I rausvei '«e bulkhead, and weic •■mi 
Heeled lo thih bulkhead, :il :i point se\er:il 
mehi'.v 1 1 < n ii Ihr ..lu ll plating. h\ giif'i I 
pl.-ih <>n ihe Ihnges of l.he longitihhii.il>, 
as shown (in .'mother ship) in Fir. 'I 
The longitudinals were rigidly enmiecied 
lo the shell plating by lillct welds :dl 
around. The end* of these longil ndina Is 
wen not founded or tapered, bill were 
ciil. Mtuare and perpendicular to l.he shell 
plating. This condition eon»t.it-uted a 
-trucLnral notch ;it the ahni|)l. end of 
the longitudinal sti/Tener. Probably the 
majority of failures in tankers origi- 
nated at this design detail, which ih 
repealed several hundred times in the 
structure of a T2 tanker.* Another pro- 



lific source ol failures was at. the end of 
a bilge keel, which provided a similar 
geomel rical conlignrat ion. 

Figure II shows two overlapping 
■i-eondaiv fr.-M tmes in the side shell ol 
;i hu.ker. Koth fractures originated a! 
longil udiind interruptions like that shown 
in the preeedmg figure, and theie weir a 
liuinbi-r of ol her seeondan fracture* si art 
inn .'i I siinilai ponds In auolher tanker 
I N ItS Ship \>» S I ». nine such e racks weiv 
found, each ol which had started in Ihe 
shell adjacent lo Ihe end of a longitudinal. 

\ tanker { li.it broke in I wo while in 
pott is nIhiuii in Fig. lo. The position*- 
assumed by Ihe I Wo pails of Ihe vessel 
ate an indie.-ii imi of Ihe bending moment 
that eoiilrihiih-d to the initiation and 
pio|<:ig;ilion of Ihe fracture. Figure 1 l'» 
slums I he area in w hich the fi acinic 
originated, in Ihr starboard deck stringer 
plale just forward of the chock base near 
the midship section. The mating edges 
of the fracture, near the starting point, 



* Srveiat vuiiatiMiiK at l Ihh design detail have 

hern I ex led n« the Mn lci s Division nf I he 

National Hmo-jim of Simulants, o i. 0 evatnalc lt<e 
effect ivrniw of piai'tic.d u<odih<::il hum wtoe.h 
Imve lieeii oi may !><• hk< »I in rxittlniK aliip* or iu 
new <ujiiitiiicliiin. 



are shown in Fig. 17. The fr.-n-iure 
source was at the toe of a small fillet weld 




Hfi. 14 Overlapping secondary frac- 
tures in side slivll of a T2 Tanker, 
MBS Ship A"o. 56 

Both fractures originuted at the end* of 
intereupted longitudinal* near a I ranmrrn' 
hulkhead. Triangular gu»»et plute* on fhe 
flanges of the longitudinal* were toen oul of 
Ihe hulkhead (exteeme left). (i:. S. <^>a*l 
(;uard Photograph. ) 



OcrroiiKit 10. r >:{ 
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jniltlhtt li flip t«i I It. deck *l 'l"t" ' I* 1 ■■»« 
The < ti|» ( lul a n ■' 1 1 I 1 1 1 1< ' Kiinil ' * 

a^am-it mines) wan pnil mill ^ .iili.he.l 
ulln the .ship whm I mill . ♦f<«l w-i 
phced thai. Hit- Uw <»l ihe u« Id w;r- :il 
iiimmI. NUpt:rinipo*r<l nil tin- i\rltl :i" 
lorward end of the Milium. I t<n •»! Hi*' 
.•li«M-k base. At tin- point tif ..riR f 



l.l.i t < 1 in • . I.« I wt " ii tlii iM- Iwi wrliti*. 
IIm h u. n- lv\.. ; m ill in t lulilM in thr 
iln l. pl.ile CI In dlfhriill. WflillliK ["»*' 
lion .lu« lii tin priiMiiiil y of I In- flunk 
probably eonl ribntrd to iImm delect. 
..I workmanship. ) The craters wrrr par- 
tially bridged over with weld metal which 
w.tH not completely lirsnl In tin* plate, 



unit which lornmd l.ln- piojeel.n»K lip nn 
the fracture, visible at Lin l.oe nl tin* wrM 
in the lower photograph of I V. 17. 

Tin: origin of Huh disastrous fracture 
may be :it.tril>ulcrt primarily t.n the art 
rratvrs, which aggravated the stress fun 
centration resulting from the MtifTeiiiii^ 
effect of the chock banc and from the 
mechanical notch between the two wehN 
;it the end of the ehock has*-. The mct;il- 
hirgiial effect of the overlapping liesit 
affected /.ones of the two welds, one r>l 
which was smalt and .shallow, wan prob- 
ably another contributing faebir. The 
tr.-insition temperature of the 'leek stringei 
plate, i\2° K, was lower than t.hc average 
vahieH for "fracture through *' and "frac- 
ture end" platen of comparable, thick- 
ness (O.lMI in,) and was the lowcHt of all 
the "fracture source*' plates which have 
been tested. Thus, the pluM.* itself was 
not abnormally notch sensitive, corn- 
pared to other ship plates, as measured 
by the V-notch Charpy test, However, 
in the vicinity of the welds and the arc 
craters the notch sensitivity was probabh 
greatly increased, as has been observer! 
in a number of other plates. * 

Figure 18 shows the region of the starl- 
ing point of a fracture, in another tanker 
that broke in two at sea. The origin of 
the fracture was at an old eraek in t he 
top of the half-round scuffing bar which 
was welded to the top of the sheer strake. 
The scuffing bar and upper sheer strake 
had been deformed at some previous time 
apparently by bumping against a moor- 
ing post or the like, and several small 
cracks (Fig. Ill) had been formed in the 
top of the half round bar, at a point 
between two parallel weld beads near the 
end of a chock base. (This end of the 
chock base was not perfectly aligned with 
the top of the sheer strake, and was welded 
to the half-round, slightly outlx>ard of 
the weld joining the top of the half-round 
to t he top of thir sheer strake. ) The heat- 
ulTerted zones of the two small shallow 
welds overlapped, but the welds wen; not 
joined. The cracks started in the over- 
lapping heat-affected zones, probably uh a 
result of the restraint imposed by the 
ehock base when the deformation occurred. 
The surfaces of these cracks were badly 
corroded, indicating that they had existed 
for some time without further propaga- 
tion. However, when the ship encoun- 
tered a critical combination of sea and 
loading conditions, combined with the 
factors of stress concentration, low arr 
temperature and resulting increased notch 
sensitivity, one of these cracks propagate* 1 
downward through the half-round, then 
through the lower weld into the sheer 
strake, and the catastrophic failure re- 
sulted. The steei of the half-round (NBK 
Plate 61 A) was inherently more notch 



* It appear* significant thai in two of the tt»re» 
plates of the fracture eource category which bao 
transition temperature* below 70° V, the fracture* 
originate'! »t arc crater*. (NHH j.taO* number* 
62A and 21 A. »*e Kig. II.) 




fix. /.? Tanker I hut bruin- in Inn nf dock, riVircvf J nun port »uli\ looking forward 

Ihe hriuliMM moment * tlmt r«i«ilr«hute«l lo'llio origin of the fate lure ore judical**! Iiy the |M>«i- 
, ion* of the two |»<irt« of t h< vrnsel. !NHS Ship No. 52, T> fie T2-SK-\2. (II. S. <:» H »t Ouanl l»h..ti>- 
graph.) 





>> ■ * ■ : 



big. 16 tjter fiige i»f f rut tun- in slarlnmni shrvr xtruhv miff tlrrh strii\nrr nf the 
t tinker xiuttvn in Pig. f!i 

The rhevriMlM nIhiw llml | frn« luro Hlurlril in I lie <l< tk *triiiK<*r iinir lite iulHittrtl 0 * \»t the 

« -hock ItHM*. uikI prupiiKHleil iulo the nlieer Htrukr ilrfi) a%%*\ I he «le«-k h»u K it mlinul I hrnekrl 

(lower right) 
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tig. 17 The starting point of the 
fracture shown in figs. 15 and 16 

'I'liv frurlMrc Kuuri'i 1 (urmwi) %* ml I wo *mull 
urr rnlrrh Im'I w« n f hi' fallal wHii to the chock 
Iiuni' on I h« uflrr si-cliini (above) und the toe of 
the light wi hi lu I liv i-liprin i In- forwurd Miction 
(bflttu) X 0.7.5 uppri»\imitl*ly. 



I 'iff. /V 7 1;/> rre-u> o/ /m// rtmrul (right) 
ami sheer stroke (left) shown in Fig. 18 

C and I) show locationH of Mpecimens rut 
from ehecr atrakc and h* If- round for metallo- 
graphic examination *nd hardne»* teat*. E 
tntf F indicate vertical longitudinal cracks in 
the top of the half-round under the weld, W. 
to the chock l>a*»e. S indicate* a third vertical 
crack, which became the miurr* of the main 
frui turr. Note the extent of corrosion in th* 
lop part* of the crack*, which indicate* that 
they had existed for *omc time. / 1. 




lig IH tfter 



rlitm •?/ I I ttinln i (MtS Ship fVo. 01) that broke in iwt> at sea 



IViM-il iiulinit.-* ..r.Ki.i .if trx ■ . :< >f lmlf-r...i»..l i<llii IK h«r w. Iili d In li>|> t>f »lu ; ar i.lruke. 

U»M K ilMdi«iil l.-iir- mhiI . Ml, ... -I1..1 ^lr .1 Ink lo.. K il...li...il r. Hiill« I fntin liatlrrin* ,,f two 

„iirl-, nf Hl.i|i afl. r inilml Irm l.ir, < tU» I ..... ... r«l,«li*.lv wurin wulir, held ti««« tlicr f.,r 4.1 mm. 

uflrr .In k mid Miih-s hx.l friii lurid.) M S f.minl I'liolu.) 



sensitive, than the average I'm ship plate*. 
At, the. locution of the fracture. Hourcii, the 
notch sensitivity was further increased a* 
a result of the small shallow welds an<l ol 
the previous deformation, or stntirr aginn 
subsequent to the deformation. The high 
phosphorus and nitrogen content of thi* 
steel suggests that it might be a Bessemer 
steel, a material whieh is usually found to 
be notch sensitive and whieh is subject to 
excessive strain aging. l * This material is 
not acceptable for use as a strength 
member in hull structures. 7 ' Si * 

An example of a shear fracture in 0.62- 
rn. plate from the side shell of a tanker is 
shown in K>g. 20. The fracture, propagat- 
ing from below, was brittle u<;ar the 
bottom of the sample (not shown in the 
photograph), and changed to the shear 
type about W in. below the longitudinal, 



* Both the pre«ent» and the preceding 1 , ABf> 
specification*) require that the ht*>f>\ used in the 
construction of the hull* of ve*s*-bi siiall he made 
by nthcr or both the open-heart*, or th* electrical 
furnace proceau. (K«i H, Miction paragraph 
H.) The preaTit F»pi.r.ifi cation nUo hpecifiea a 
limit of 0-04 % maximum for phonphor'tt con- 
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b'ifi. 20 Kxumplo *>f a shour type frac- 
ture in 0.62 -in. pinto (ISfiS V Into No. 
Soil) 

iUr >\wo,r fructuro, |ini|iUKMli«itf from lielow . 
>t<ip(H^l i« llm |»lnlv " invlo'H «b««vc tlie 
UmgitmliiKil. A lirittlo frncUirc. |.ropu«a i (ti K 

from nttov** J ml f<«rwnr»l «l<*<l wh«n it run 

into th« «r fan-tun-, i n«ti«uil iug tl«<o tin* 
Mlivnr fruotin «* lia«t <»<Miirr««l Ur«i uml thut t1«r 

brittle frHctnr«s«| €H*cMrr<Ml I«r iii«'r«n*««l 

»|rrc« u« tttA lirokv hi tw«. X ' t n\*\*r**\\- 

near tin* center of the plate width. The 
shear fracture ran upward and forward, 
with several rtharp chaii^eM in direction, 
panned l.he end of a longitudinal (at, a 
bulkhead inlemiplion) and ended in tin* 
Hlirll plate about -1 in. above the longi 
tndtnal, A second britlle fracture 
propagating from above and forward, 
ended when it. ran into the shear fracture 
about 2'/i in. above tin; longitudinal. 
Thin indicates that the lower (shear/ 
IriKtt urc had occurred first, at this point. 
:uid that the brittle fracture above 
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occurred later as a result «<l increased 
stress as the ship broke in two. Accurate 
determinations of the rediltlion of thick- 
ness could not lie made, as the sample was 
badly corroded and pitted. However, 
measurements math after « leaning the 
fracture edges and the nearby plate sur- 
faces indicated that near the brittle frae- 
1 ti re* tin mdui.tioii of thick ih-sh w as of the 
order cil I to 1%. the n ibn tion appearing 
In increase slightly im:n the point when 
1.1m- fracture changed from brittle to shear 
type. In the two small areas of double 
shear fiat ture, near the bracket, the thiek- 
m «kh rediietinn was about :t0%, or more 
than 10 times the reduction usually 
observed at brittle t.vpe fiat Inn s 

("harpy V-notch s|>cciniens taken near 
1 1wr shear fracture, near the lower brittle 
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tracline. noil at some distance from tin 
fractures showed Llint. the notch sen 
sitivity of I lie steel was not affected 
appreciably in areas as near as I Vj »»■ 
the blittle riactiiie. However, tint nolcl. 
scusitivttv was increased considerably in 
the areas near t lie shear fracture, t In 
effect being noticeable in specimens as far 
as X in. from the fracture. The 15 fl-ll« 
transition tempt- nature of the plate (omit 
ling specimens near the shear fracture) w.v- 
2° r\ tlie lowest, found for any frartiio d 
ship pliuc tested t.o date. Kor Riniihi i 
standard specimens taken with then 
centers 2 to fi in. from the shear fmcluie 
the average tiansiliun temperature w:in 
oti° K. the increase probably being due to 
the deformation and sul>sei|iient rtrsiin 
aging 



£CL> 1UU/A 



Charts l/Vofr/t TV/if Datn 

To c^UihliHli U"' ('harpy V notch tc«l 
curve lor cucli plate, specimens were 
tested at. various tempemhirrs hi the 
tmiiMit i<ni range. Usually 1 specimens 
were U'mIj'u at each temperature, arnl the 
average value whh plotted. 




f i* 27 Ch«r»y V-notch test curve* for tome fractured ship plates 0.44-0.60 in. 

in thirkness 

lforJ»out.l bar. lni^ V . T| »f » lUlb lotion t^pr.t^ for f^J^e"" n^ctE 
•rolndlcated by the 1st tar Ton thr cuttm. 
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lUll.lilJil \i£ . ^ . 

IS F00T-»OgN0 THA*siTK)N TEMPtRATUHES - "F ICHA»»Y V- NOTCH STCCMENSl 

fig. 30 f>«aucncy cfi»frtbutums o/ 15 ft-lb transition temperatures of plates 
in the fracture -source, fracture -through and fracture -end categories 

The distribution of the fracture- through plate* (canlrr) approximate* the normal curve. Th»- 
fracture eourc* plate* (top) have a higher average tranaition temperature, and the relativr pro- 
portion of tracture-aouree to fraeture-th rough plate* In each interval (daah-dot line) increase* 
with lncrwa*ln« transition temperature. 



The upper part of Via,. W show* the 
("'harpy V-notch test njrve- for some 
plates in which fraeture* in the -hips 
originated, and the lower parr -hows 
curves for plates of corresponding thick- 
ness, in which fractures ended The 
point* representing the average values of 
energy absorbed in the multiple testa of 
each prate at each selected t.-mperature 
are connected by straight lines, with no 
attempt to smooth the curves. The letter 
T on some of the curves indicates the 
temperature, if known, at the lime of the 
ship failure. To compare the plates at 
the same energy levels, the temj>erature. 
at which the curve crosses the lino of 15 ft- 
lb energy absorption is taken as the 15 ft- 
lb transition temperature of the plate. 
The horizontal bars superimposed on each 
set of curves represent the range of 15 ft- 
lb transition temperatures of the plates 
in each category, and the vertical bars 
represent the range of average values of 
energy absorbed in tests at !iO and at 70° 
F. 

It may be seen that the transition 
temperatures of the fracture source plates 
were higher, and the values of energy 
absorption at corresponding temperatures 
were lower than for the plates in the 
fraeture-end category. In orther words, 
the plates in which fractures originated 
were considerably more notch sensitive 
than the plates in which the fractures 
ended. 
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p art II— Analysis of Factors Contributing to Structural Failuio- 
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Fig. 13 




Fig 14—Cajualti«i per 3-Mo. Period (WinUr 1943-44) Divided by Ship-Month*' Service 
in Samt Period; Merchant VmhU Built by Maritime CommiJtion (See Table 1) 



A Sea and Weather Condition t 

In dctrriniiiing the rflcrts of sea ;ind 
wnithei, it w;is nrre.sary to uv rxtra ( arc 
to ii void misleading I rsnll h Ships of dif 
frrrul designs might tend lowuid cxelu 
sive use of specific ti ude loutes. 1'or this 
reason and because there were so many 
identical subjects, the Liberty ship was 
used as the specimen for analysis. Exist- 
ing orders to modify the hatch corners of 
vessels headed for regions of severe weather 
conditions tended to segregate the Liber- 
ties on a sea and weather condition scale. 
For this reason, vessels were eliminated 
from the study when the hatch corners 
were modified. For the same reason, the 
newer vessels with design and workman- 
ship improvements were preferred for the 
more severe services, and this factor had 
to be considered. The selection finally 
uarrowed down to the 667 EC2 vessels 
launched before Feb. 1943. These vessels 
were completed before any structural de- 
sign details were altered. 

From the assembled data based on the I 
667 Liberty ships launched before 1 Feb. 
1943, an attempt was made to ascertain 
the risk of casualty under varying con- 
ditions of air temperature and state of the 
sea. Various plots were made but it was 
found that the data were not sufficient to 
establish casualty risks under known com- 
binations of air temperature and state of 
sea in such a manner that they would with- 
stand a rigorous statistical appraisal. It 
was possible, however, to eliminate en- 
tirely the effect of sea in a study which was 
made on ships in port only. The results 
of this study are presented in Fig. 13 and 
show the distribution of service time and 
fractures for various air temperature 
ranges. This plot includes Class 1, 2 and 
3 fractures for the above water line portion 
of the hull as well as an indication of the 
risk of casualty in terms of casualty per 
ship months of service time; all curves are 
plotted against air temperature ranges. 

Although the number of fractures did 
not permit a complete su 1x1 i vision on the 
basis of both sea and weather, it was pos- 
sible to get a rough idea of what the com- 
bined effect of these two items would be. 
From the approximations made, it would 
appear that the risk of casualty at the 
lower operating temperatures and rough 
seas is many times the risk of fracture in 
very warm weather and in port 

B. Age of Vessel 

The date and age data permit study in 
many different ways. A sample plotting 
of winter casualties, Fig. 14, shows that 
casualty rate is not appreciably affected by 
age. 
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C. Loading of Vessel 

It wat early suspected that poorly dis- 
tributed cargo loading, under the pressure 
of wartime necessity, had been responsible 
for many of the structural failures. It was 
therefore decided to embark upon a study 
of the effect of cargo loading and in this 
regard, information was solicited from 
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Mcichaut Muiiuc i aspect ois ami supple 
UlCllted I >y data lioul tilt! logs of many mcr- 
chant vessels. The in fen unit ion cm the 
dry cargo Liln'ily snips presented a gicat 
vui icty of loadings and no latiouul method 
fur reducing this mass of d;if;i was e vol vrd. 
It w.is noted fiuni .1 rough survey (lint lite 
det.iils of tin loading were eousidciably 
different, but the hue .nid aft distribution 
v n ltd within n lativt ly iiuiidw limits 111 so 
lai lis bending moment 011 the hull *as 
< oncci lied 

In 01 dei to uhl.Mti ii b.r.r line to which 
eoiiip.il Miiis eonld he 111. ide, e.ilenlations 
were made on tli» Liberty ships at several 
dilTeient diafts with a loading whieh was 
uniformly d 1st 1 1 tinted so that the trim was 
representative of typical operating con- 
ditions. Typical I inn conditions at van* 
ous drafts weic obtained by recording the 
fore and aft dial is of ships from the log 
books. The trim used in the calculation 
was. the iveiage of the scattered plots. 
I'roin (lte.e bending moment calculations, 
the maximum ten-ale stress in the ciown of 
the deck amidships was dctermiued and is 
indicated m l ; ig hi hy triangles and a solid 
lint I'll*' maximum nominal stress value 
in I he d« < k with this type of loading was 
about VOOO p : .j tension at LM ft. mean 
di. ill. Compuisou between the unifoiiti 
loading iced foi tins ealculation ami the 
mniierous loading charts forwarded to 
Coast ( '. 11.11 d Headquarters indicates that 
the uniform loading was practically typical 
.\ind < an be considered so. 

hoi fm tlirr comparison, stresses fiom 
bending moment calculations performed 
by the University of California 011 Iwo 
Liberties have been plotted as hollow 
ciitles. It will I*: noted (hat the scatter 
of points follows the koiut.iI trend of t In- 
line of 1 inform load disli ibulions. In 
.iddition, 1 calculation was made tin a con- 
dition representative of tin- most severe 



hogging load likely to ih i iu 111 1101 ma I 
service and tin deck stu ss was found to be 
IS, 750 psi tension under this abnormal 
bending load. 

Initially, calculations were made on 
several vessels which had cracked. The 
nominal stress at the point of fracture is 
plotted with solid circles The scatter 
again centers around the line of uniform 
loading This indicates that the loading 
011 the vessels which fractured was ap- 
parently not abnormal even though tin 
stress from loading is appreciable. 

Although a wide range of cargo dis 
tributions can Ih- produced, it can be seen 
that the actual difference in bending 1110 
nieut between typical normal distributions 
is not great ami little would be gained by 
attempting to prescribe cargo loading dis- 
tributions. On the other hand, ballasting 
presents a possibility for a wider range of 
variations without interference with good 
operating conditions Prescriptions were 
therefore made up for slaiidard ballasting 
distributions and are now in use oil Liberty 
ships in the North Atlantic. The nominal 
deck stresses with the various standard 
ballasting plans are unhealed by boxes on 
the illustration, Fig. Hi. The box indi- 
cated as London and Glasgow ballasting 
represents the ballasting system Used be- 
fore the longitudinal bending moment was 
a consideration and failures became a prob- 
lem. The Maritime Commission 1500 ton 
ballasting schedule i:. now in use. 



A similar but less extensive study was 
done ou the caigo loading on the T2 
Tankers. Il was found that a much wider 
possible range existed for the cargo loading 
conditions with nominal deck stresses 
reaching 14, MO psi tension under an ab- 
normal load condition. Stresses from uni- 
form loading, however, were even lower 



than those in the Liberty. They varied 
in a smooth curve from GO00 psi. tension in 
the light condition to 000 psi. compression 
with a uniform full load, the deck stress in 
lightship condition being the maximum 
value for a uniformly distributed loading. 
Loading calculations have been made on 
t wo T2 casualties and the nominal stresses 
at the points of fracture in the sheer strake 
in oik case and in the deck m another was 
found to be 05)00 psi. tension for the S S. 
Sfhrnrtbtdy and 12,150 psi. tension foi the 
SS !\\\u Manhattan. It is chai that in 
the ease of tankers, abnoi mat loading can 
contribute to the failures but that it can be 
avoided with greater ease than 011 the 
Libert ies. 

D. Repeated Casualties 

Certain vessels have incurred more than 
one casualty. When a ship suffers two or 
more failures, there is a tendency to dub 
hei "a lemon." This frequent reaction to 
repeated failures implies that certain ships 
by virtue of inherent characteristics are 
more liable to suffer structural failures. 
Il would be practically impossible to. sepa- 
rate the causes of such additional casual- 
ties and point to workmanship, fabrication 
practices, material or to some mysterious 
unknown factor as the eulpiit An at- 
tempt was made, however, to get some idea 
as lo whether such "lemons" actually 
exist . 

A probability calculation has been made 
to determine the number of repeated fail- 
ures which' would result from a random 
scattering of 922 casuallics among a corre- 
sponding group of 25K0 ships on the as- 
sumption that all unils are equally likely 
to attract trouble. 

The indication is that after a ship has 
had a casualty, it is somewhat more liable 
to a casualty than before the first. 



Part III Susceptibility to Fracture oi Different Ship Designs and Structural Details 



A Shipbuilder and Type of Vesid 

The v.nioiis Maritime Commission de 
sinus havr been divided Li show the siis 
ccptihiht) u| each design to st111et111.1l 
casualties In addition, the KClis and V2 
I'aiiki-is have been listed by shipy.ml Ix 1 
1 ause the nunibei of vessels built by each 
vaid was sufficient to permit a pic line of 
1 In ii 1 dative pei foi 111. nice. The figui es in 
Table ;'i show the number <*f ships launched 
ui <a< h gioup, the ship months of scivicc 
dine up to 1 Apr. 104ti, the number of 
casualties of .ill classes which were reported 
up to that tunc and the Class 1 casualties. 

A study of the figures shows that 110 real 
conclusion can be drawn. Considering 
only those groups which accumulated more 
(I1.111 ."J0D0 ship mouths of service, it will be 
set 11 that the best record with the Liberty 
ships was in I'ermanentc Yards I and 2, 
and second best was Bethlehem Fairfield 
which was the only yard where shell scams 
were riveted. Considering the Class I 
casualties only, however, it will be noted 
that the best yard is Bethlehem-Fairfield 
and second best is New England 

It is difficult to rationalize these results 



un the basis of workmanship because 
JkthlcJicm I' ail In Id did not exhibit re 
iiiarkably g«>otl appearance 111 the Welding 
Advisory Committer's workmanship re- 
port uud otlni reliable 1 (ports indicate 
(hat the quality of hull structiuc produced 
by Permanent!' varied from fair to gtx>d as 
systematic controls were introduced. At 
the other extreme, Oregon received a poor 
report from the Welding Advisory Com- 
mittee and has a correspondingly poor 
casualty record Calship is intermediate 
with a moderately poor casualty record 
and a good report by the Welding Ad- 
visory Commit tee 

A feeling of confidence in the vessels 
with riveted shell seams resiilled in their 
assignment to routes where severe weather 
conditions were anticipated. In light of 
this and the good performance record 
under such adverse circumstances, the 
beneficial influences of riveted seams can- 
not be denied 

In connection with the Class 1 casual- 
ties, the good record of New England is 
difficult to explain but it should be noted 
that this yard riveted the bulwark to the 



top of the sheer strake, thereby eliminating 
many serious fractures which might have 
emanated fiom the bulwark A similar 
lack of alignment between sei ions class atid 
all class casualty results exists in almost 
the entire table and cannot he explained. 

Thi casualty result ou the Tli Tankeis is 
even more difficult to rationalize but it is 
interesting to note that Mannship, where 
great care was taken in the structural de- 
tails and where gamma-ray inspection was 
Used, has a measurably superior record to 
the other three shipyards. This yard re- 
ceived about the most favoiable report of 
any yard visited by the Welding Advisory 
Commit tee. 

Sixteen of the 78 Mariuship tankers were 
delivered directly to the Navy. This is a 
somewhat higher proportion than for the 
other yards, but the good record of Marin- 
ship cannot be greatly affected by this 
factor because reports of major difficulties 
on Navy operated vessels did not include 
any Class I casualties for Marinship. 

It is gratifying to see the record of the 
Victory ships as compared to the others. 
Their record indicates quite clearly that it 
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Tabla S— Shipbuilder and Typ« of Va«aal 

Comparison of Casualty 1 n<-itli-ii<-e Based on Casualties Reported Before I Apr. 1940 
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Ntinbcr 
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EC2-S-C1 


— 


— — 










Alibuu 


20 


704 


21 


0 0298 


2 


0.0024 


Br thtehem- Fairfield 


384 


10.821 


90 


0 0083 


2 


0 0002 


C*i*hip 


306 


10,619 


164 


0 0154 


19 


00018 


Delta 


132 


3,549 


57 


00161 


12 


0.0QU 


loot* Bruntwx k 


85 


1.915 


27 


00141 


1 


0 0005 


)ooct Panama 


66 


1,495 


14 


0 0094 


1 


0 0007 


Kaiarr Vancouver 


10 


369 


8 


0 0217 


1 


0.002? 


Mariruhip 


15 


542 


7 


0 0129 


0 


0 


New England 


236 


5,700 


72 


0.0126 


2 


0.0004 


North Carolina 


126 


4,085 


60 


0 0147 


5 


0.0012 


Oregon 


322 


11,044 


215 


0.0195 


20 


0 0018 


rVrmaoente ... .... 


4B« 


15,557 


100 


0 0064 


14 


0.0009 


Rhecm 


1 


41 


0 


0 


0 


0 


St. John* 


82 


1,908 


26 


0 0136 


1 


0.0005 




88 


2,196 


23 


0.0105 




0.000 5 


Todd-Hotuion 


201 


5,542 


74 


0 0134 


18 


0.0032 




10 


309 
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0.0227 
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2,580 
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99 


0 0013 
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2.147 
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0.0125 
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0.0027 
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3,2*3 


44 


0.0201 
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0.0018 


MariwWp 


78 


1,411 


4 


0.0025 


0 


0 


Sua 


203 


4,991 


101 


0.0202 


4 


0.0008 


Toud T7 tanker* 


530 


12,032 


193 


0.0160 


16 


0.0013 


Totai. Vmouri 


414 


3,940 


33 


0.0054 


0 
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All Mart da* QrnlaaU» Shlpa. . . j 


4,487 


123,985 


1,44) 


0.0114 


127 
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T*bU 6 — Casual tioa Occurring on Various D—ign* 
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Before 1 Apr 1944 




EC2.S-CI 


922 


43 


965 




Z.ETLS-C3 . 


53 
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62 




2-EC2.S-C2 . . 
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Tankers 


Tl . 
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T2... 


178 


15 


193 




T3 


18 
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18 


Standard Cargo 


CIA & CtB 


38 




41 




C2 


3t 




33 




C2 R*fri s . . 


40 




41 




C3 .. .. 


8 




11 




Ol .. . 


2 




3 


Gombi nation 


P A C. . . . 










C2P&C 
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0 


4 




C3 P 6l C 








Miscellaneous 


C1-M-AVI 


1 


0 


4 




L6 . . . 


13 


0 


13 




N3 . . . 


13 


1 


14 




v«- 


0 




1 


Victory . 


VC2-S-AP2, 3, &. 4 ... 


14 


19 


33 


Total 




1,342 


99 


1,441 



is possible to eliminate most of the frac- 
tures by improving design details including 
riveted gunwales and using more careful 
workmanship. 

Previous reports have mentioned the 
high casualty rate of the C2 refrigerated 
ships. These casualties were invariably 
in the tween decks inside of the insulated 
holds. The numerous repairs have in- 
cluded rounded corners for the hatches and 
in several cases, the introduction of riveted 



seams around the margins of the tween 
decks In recent months, the number of 
failures reported for these ships has 
dropped markedly indicating that the 
alterations have been effective. (For 
other designs see Table 6.) 

B. Liberty Ships 

A plot. Fig. 17, has been prepared show- 
ing the longitudinal and vertical location of 
all classes of fractures on the Liberty 



ships. This chart indicates that the frac- 
tures peak up near amidships in the upper 
deck and in the bottom with few fractures* 
in the tween decks, indicating that longi 
tudinal bending stresses play an important 
part in their distribution The tabulation 
also shows the magnifying effect of certain 
design features such as the hatch corners 
which were responsible for f>12 fractures or 
24.4%. The sketch of the KC2 S-l'l 
vessel indieates the effect quite clearly. 
Fig. IS. 

The distribution of 1 he fiaetures in the 
89 serious casualties occurring up to 1 Aug. 
1945, is somewhat different, Fig. 19 In 
many cases, the damage was so extensive 
that the starting point was not located. 
For tlii:- reason, it is only possible to iden- 
tify positively the starting point of 31 
casualties involving 42 fractures. Ten of 
these fractures or 24% started in the sheer 
strake cut for the gangway ladder. 
Twenty-two or 52%, started in the hatch 
corner including 48% at No 3 hatch. 

Figure 20 shows the original design of 
the hatch corner and indicates the three 
most important sources of fractures. The 
greatest number of hatch corner fractures 
occurred in the manner indicated as A, 
second greatest as B t and there were 
several of type C. In the case of the type 
B fractures, there was involved a combi- 
nation of design and workmanship. The 
abrupt end of the 51 -lb. doubler beneath 
the deck was probably sufficient in itself 
to start a fracture at so critical a location 
but in many cases, this was supplemented 
by a saddle weld in the butt of the deck 
plating at this point. It was common 
practice in some shipyards to weld with a 
Unionnielt machine to within a few inches 
of the hatch coaming where the automatic 
equipment had to be stopped. The re 
mainder of the seam was completed by 
hand welding without further preparation 
and a saddle weld resulted because of fail- 
ure of the welding to penetrate the square- 
edged butt. 

Many fractures occur at the sheer strake 
cut for the gangway ladder and the square 
ending of the boat deck plate stanchions, 
Figs. 21 and 22. 

It has been noted that the fractures at 
the center-line stanchion of the second 
deck almost always occurred as a result of 
rough weather. The second deck at the 
edge of the hatch is under high tension 
whenever there is cargo loaded in the 
Iween decks because the heavy supporting 
H stanchion is just beneath Most of 
these fractures have occurred in the for- 
ward end of No. 2 hold and the aft end of 
No. I hold. This is just about where 
maximum pounding would be expected. 
The thrust of the bottom force overcoming 
the inertia of the tween deck cargo pro- 
duces high stresses in the deck over the H 
column. In addition, notches around the 
sole plate of the tween deck stanchion and 
the ends of brow plates magnify the stress. 
Fig 23 

Hending tests on the Liberties indicate 
that the bending stresses in the hull are 
only slightly reduced by the presence of tht 
deck house. The number of amidship bul- 
wark fractures and shell fractures at the 
gangway support this. It is curious to 
note that up to 1 Aug. 1945, the corners of 
the machinery casings which are similar in 
design to the other hatch corners suffered 
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It MAS. l>AP«,rf44 
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©MELVILLE JACOftY KC2 5 CI 
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fractures or This 
type Had been PC 
ported, including 

l« IN No t HATCH 
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Fig. 23— Libarty Vaaiel; Cantarlina Stanchion, Sacond Dack 



ECL 1007B 

less than 13 fractures Match No .*( 
.suffered 377 fru< Hues ;imj No. 4 I 1(1 frai 
turcs und the iHiiehcial influence of I he 
warmth in the casing hard to contcsl . 

It has frequently In en held that the 
hatch corners were not the serious of- 
fenders but that many of the fractures 
emanated at the bulwark or gunwale and 
ran inboard to the hatch corner. A frac- 
ture running from hatch corner to gunwale 
would warrant grading the casulty Class 1 . 
The Class 1 EC2 casualties include 67 
fractures involving the hatch corner vi- 
cinity. Thirty nine of these fractures are 
known to have originated in the hatch 
corner. A simple proportion indicates 
that 5 or 6 of the 28 fractures of indefinite 
origin probably can be attributed to the 
details of the gunwale or bujwark. The 
reported 612 hatch corner fractures do not 
include these 5 or fi, nor do they include 
t lie remaining 22 or 23 which probably 
originated in the hatch corners. 

C. T2 Tankers 

The longitudinal distribution of the 
fractures on the T2 Tankers also shows a 
peak amidships indicating that bending of 
I he hull is partly responsible for theii oc- 
currence, Fig. 24 All of the nine serious 
casualties occurred in No:. 3, 4, 5, 0 ;md 7 
tall ks. 

The source of the failure has been lo- 
cated on two of the ships which broke in 
two. In the case of the S.S. Esso Man- 
hattan, a defective butt weld was the source 
and in the case of the S.S. .Schenectady, it 
was a notch resulting from the combined 
effect of a design detail and a defective 
weld The source of trouble on the two 
recent T2 Tanker catastrophes is not yet 
known. 

Most of the Class 3 fractuies occurred in 
a detail at the. juncture of the transverse 
and longitudinal bulkheads, Pig 26. 
Three hundred twenty five fiacliires re 
ported before 1 Aug. 1945, at these inter- 
sections have been traced to design details 
which cause a stress concentration under 
l he iiilluenee of both hull bending und local 
hydio'.tatic loads. It would appear from 
the longitudinal distribution of these fiac- 
liires that the hull bending stresses huve 
ronsiileiably more to do with the faihnes 
than local hydroshi tic loading, tithcrstatic 
or dynamic. 

The sources of these fractures have been 
located by calculation and test and a satis- 
factory measure has been devised to ease 
the offending detail. 

One hundred and seventy fractures oc- 
curred at the toe of a bracket on the trans- 
verse bulkheads, Fig. 27. This is a design 
detail which can easily be cured and im- 
proved arrangements have been fitted in 
several vessels. A check on the longi- 
tudinal distribution of these fractures indi- 
cated that they could not be related to the 
longitudinal bending of the vessel. They 
apparently result from local loading. 

The large number of fractures in the 
forepeak indicated in Fig 24 have involved 
many details of the internal structure. 
They are local in nature. 

D. Victory Ships 

Practically all of the casualties on the 
Victory ships have been Class 3. The 
fractures reported before J Aug. 1SM\ indi- 
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T2 TANKER 

LONGITUDINAL DISTRIBUTION 
OF FRACTURES 



*« TANK 



fore 

Tf PEAK 4.9% 



BASED UPON 483 FRACTURES OCCURRING 
ON XZ TANKERS BEFORE I, AUO. It45 
456 OTHER FRACTURES OCCURRED 
ON TRANSVERSE BULKHEADS OR 
WERE NOT ACCURATELY LOCATED. 



HOTt. FIGURES AT TOP OF »ARS ARC, 
NU*SER OF FRACTURES LEFT 
PERCENT OF FRACTURES "RIGHT 




Fig. 24 



cate two priu<'ip;il sources of trouble: the 
.bulwark cap rail and plating and the bul- 
wark braces. The casualties occurring 
before I Aug. 1945, included . r >.*{ fractures. 
Itighteeu, or 30%, occurred in but In of the 
bulwark and 4 J7, or 51%, occurred at the 
toes of the bulwark bract's. 

Most of the bulwark failures occur at 
the forward and aft end of the deck house 
where the bulwark is flaugt'd to laud per 
peudicular to the rounded house front. 
Fig. 28. This is a poor design detail but 
is not a dangerous feature because expert 
ence with the Liberties led to constructing 
the Victory bulwarks free of the top of the 
sheer strake. This freedom prevents the 
cracks from propagating into the hull. 

Most of the bulwark brace failures oc- 
curred on the forecastle, Fig. 29. It ap- 
pears that the load of water resulting from 
plowing into a wave bends the widely 
flared bulwarks outward and causes the 
braces to fail. Sometimes the weld be- 
tween the brace and deck plating cracks 
but frequently the deck itself is torn or 
cracked. This is not serious on the fore- 
castle but it sometimes occurs nearer amid- 
ships. Most of the Class 2 Victory ship 
casualties involve this type of fracture. 

Since I Aug. 1045, there have been re- 



ported five new and curious failures. Fig 
30. The masts have brokrn on live new 
ships as follows: 



Anttoch Victory 
Mahanoy City Victory 
Brown Victory 
Waycross Victory 
St. Lawrence Vittory 



The cause of these failures has not been 
determined but the sources of the steel are 
being checked. 

E. Relative Contribution of Design and 
Workmanship 

The fractures occurring on the EC2- 
S-CI design have been grouped to deter- 
mine the proportionate contribution of 
design and workmanship to the number 
of fractures which occurred. It is impos- 
sible to make a breakdown with a clear line 
of demarkation between the groups be- 
cause in many cases, poor design details 
and poor workmanship went hand in hand 
in their contribution to the fracture. In 
other cases awkward design resulted in 



defective welds because of the dilhruMy in 
performing the welding. 

Using reported casualty data supple- 



Bcthlehcm-Fairfield 
Bcthlchem-Fairfield 
Oregon 

Bethlehem- Fairfield 
Permanentc 



niented by the findings of the research 
projects for guidance, it has been possible 
to make a reasonably reliable judgment 
regarding the part played by workman- 
ship in 1800 of the 2504 fractures reported 
occurring on the EC2-S-CI vessels before 
I Aug. 1945. It was found that in 2.0% of 
these cases, no fracture would have re- 
sulted had good workmanship been used. 
In 20% of the cases, there was some ques- 
tion but it was believed that the failure 
might have been avoided had the work- 
manship been good: In the remaining 
56%, the design conditions created such 
severe notche* that perfect workmanship 
could have done little to prevent the fail- 
ures 



Foremast 
Mizzen Mast 
Mainmast 
Mainmast 
Mainmast 
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Fig. 25 T2 Tankers; Details with Abnormal Frequency of Fracutres 

These data include 883 fractures of known origin, occurring before 1 Aug. 1945. Fifty-six other fractures of 
indefinite origin were repored. 
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Fig. 28— Victory Ships; Typical Bulwark 
Fracture at Forward End of Deck House 

Oj Ltwiston Victory 23 Jan. 1946; for- 
ward end of P. & S.; ait end P. & S. 0 
Cnnntll Victory before Aug. 1945; for- 
ward end, port only; aft end P. &. S. 



wort 

rCACTUMS I.OOTIO PBOU PmOTOCCAPMS OQ ff»ti.O 5KITCME5 



Fig. 27— T2-SE-A1 Type; Composite Sketch of Fractures; Tripping Brackets of Bulk 
head Stiffenera on Transverse Bulkheads 
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Fia 30— Victory Shipi Showing Fracture of Mizzen Mast of Makanoy City Victory 
y Which Occurred on 24 Ian. 1946 

Fracture extended completely around mast except for 8'/t in. on the fore side. 



The 2.0% fractures whiili could have 
been avoided by good workmanship in- 
clude welded butts in the bulb bars in the 
bulwark and bilge keel. These defective 
butt welds might have been avoided in the 
design stage by the use of some other mem- 
ber instead of the bulb bar. The 20% 
which might have been avoided by good 
workmanship were practically all at the 
end of the hatch corner doubler where the 
participation of perfect workmanship is 
questionable It can be seen from this 
that design contributed to a large propor- 
tion of the casualties, far greater than did 
workmanship. 

This should not be taken as an excuse 
for relaxing the standards of workmanship 
because many serious failures including the 
lisso Manhattan which broke in two were 
traeed to defective butt welds where poor 
design pliiyrd no part whatsoever. 

/•' l>iiru\si<m 

Alumni ull of I In- fi,n iiiri"< « "uW bi- 
ll. u cd lit u notch of stiiue sui t Thi'i noiilt 
wight l>»* a design geometry oi a defer! ive 
weld but in prartically every case, a real 
notch could be found. There were a few 
e.ises, however, where geometry did not 
participate. In most of these the fracture 
commenced at a longitudinal welded seam 
and spread to port and starboard. In the 
five Victory ship mast failures, the frac- 
tures have occurred near but not in geo- 
metrical configurations. In each case, 
however, they were near welds. The 
welds in sonic cases appear to affect the 
structure apart from creating geometrical 
discontinuities. 
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Part IV Effectiveness of Certain Structural Alterations E CL 1 0 0 7 C 



A Summary of Alterations fsrformed on 
f.ihrrty Ships 

lahlr H '.how. Hit- uuuihci of vessels of 
v. ii ions types wliu Ii li.ive lieeii dteitd in 
aieoid.iucc witli re<|iiiieiueiils which li.ive 
Imcii issued II will be seen tint hatch 
comici iciuforccmcuts have heel) fitted (»n 
practically .ill of the vessels :ui«l that 
i ivelr<1 ci.u k .ii reslors have hern fitted on 
a nie.tt in. my. Compliance with ci hit lit 
ictpim-mcutH involves hiimeilinte .ti If I it ion 
* »f h.itch cornci reinforcements, deck ami 
gunwale cr.ick uiestors on .ill p.isscnger- 
cunyiug lahcitics C.iigo ship-, must 
have h.iteh comer reinforcements :i ml gnu 
wale cr.ick arrest ors befoic issuance of the 
:intituil inspection certificate beginning 
BO June IS) to. All alterations will there 
fore Ik* completed by 30 June 1947. 



ARC, ARY, and IX (unclassified). 

H. Hatch Corner Reinforcements on Lib- 
erty Ships 

Figures have been prepared to show lhe 
relative effectiveness of the various types 
of hatch corner reinforcements presciibed 
for the Liberty ships. The results up to 
1 Aug. MM 5, arc tabulated in Table 7. 

The ;ibovc table should not be con 
stdered a true statistical presenlal ion of 
the relative uiciits of the hatch cornel 
rcinforccinent designs because it is nil 
possible to determine the weather an*! sea 



TabU7 , 



Wf* of »*>c* ttrntt 


fnnn<h« nf 
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22,146 
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0022 
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approved) . . 


5,405 
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00 IS 


Approved cod<< I. 2, 5. 6. 7 


24 .99 J 
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OrtIS 



service conditions to which the va noils 
groups of ships were subjected. The com- 
paiison of casually rates used in Table 7 is 
a sound method of approach provided the 
service conditions are identical and the 
number of cases are sufficient for sampling 
purposes. Failing this, the traditional 
method of judging the benefit of altera- 
tions by impressions gained in service and 
;is recorded in unking up this table must 
be used. In this connection, we know that 
the service conditions to which the ships 
with reinforced hatch corners wen- subject 
wcie more severe than those to which the 
ships with uiircmforced hatch corner* were 
subjected The comparisons set forth 
.ibove are therefore conservative. The 
effective performance of the prescribed 
hatch corner reinforcements is both grati- 
fying and reassuring. It is reassuring 
because ii demonstrates that reasonable 
care and practicable designs are capable of 
easing points in the structure which are 
known to be sources of trouble. 

C. Crack Arrestors on Liberty Ships 

The crack arrestors fitted on various de- 
signs have proved very effective. They 
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wcie found to have stopped cracks in 17 
instances on 15 vessels whieh suffered 
mutual stnu luial easnaltics In addition 
there have been reportsoit four othci ships 
subjected to war and marine casualties 
where fractures occurred indirectly from 
grounding or torpedo and mine damage. 
The crack aireslors stopped right cracks 
on these four vessels and the influence of 
the crack arrestors was questionable in the 
case of two other cracks. In the case of 
one other vessel, which ran aground off the 
coast of California, it is claimed that the 
crack arrestors were responsible for delay- 
ing the complete failure of the vessel and 
permitting sufficient time to remove the 
personnel aboard. The details of each 
case are included in Table 8. 

In no case is any crack known to have 
crossed an arrestor. 

Figure 36 was originally prepared to 
weigh the effects of reducing the length of 
the gunwale crack arrestor and shows the 
l>cr cent of the fractures in way of arrestors 
of various lengths. 

Figures 40, 41 and 42 describe a typical 
case of au effective crack arrestor. The 
photographs were taken from the location 
indicated hy an arrow on the sketch. 
The fractured specimen shown was re- 
moved from the ship by the British A«l 
miralty and is available for examination 
at Coast Guard Headquarters. 

Many easts h;ive been icportcd where 
riveted seams and chain intermit tent weld- 
ing have been responsible for limiting the 
extent of hacturc but such cases have not 
been tabulated 

D. Gunwale Cuts on Liberty Ships 

Thirty two fractures occurred a I the 
gunwale cut. Of these, 18 were Class 1 
and 14 Class 2. Three of the Class l'shud 
"alterations" No. 5, a rounded gunwale 
cut. The rest were unaltered. 

E. Serrated Bilge Keels 

There have been 17 bilge keel fractures. 
Sixteen of these involved bilge keels which 
had not been altered. Fifteen of these 
failures were Class 2 and one was Class 1 
Only one altered bilge keel failed. This 
was a Class 2 failure ami the bilge keel was 
altered with Code 1 (serrated). 

Part V— Steel Quality 

Defective material might offer an easy 
explanation of the fractures but such an 
explanation would be conditional and in- 
complete. 

Samples of steel were removed from 
several of the ships which fractured, and 
forwarded to the Metallurgy Division of 
the National Bureau of Standards, where 
tests were made to determine their proper- 
ties. It was usually impossible to test the 
steel removed from the starting point of 
the fracture because this usually occurred 
in a defective weld or a design detail and 
not in the plating itself. Most of the 
plates submitted and described in Part V 
are the first plates through which the frac- 
tures progressed as they spread from the 
starting point. 



A. Routine Tests 

The material in whieh the fractures 
started w:is tested in the ease of many 
ships, from whieh samples were taken near 
the point of origin. Tims' 2fi specimens 
from the ships showed agreement with 
applicahlc slandards of yield strength, 
ultimate strength ami elongation. In 
addition, the material had passed the usual 
inspection tests with requirements for 
sampling and physical ptopertics 

Complete certainty is not assured by 
these tests, with respect to every part of 
i very piece ol steel, but we can be sure 
that the fractures, which are numerous 
and widespread in occurrence, do not result 
from failure of steel to meet specifications. 

H. Notched Bar Tcts 

There are indications that the steel is 
deficient in a property not covered by the 
specifications. In the report of the Re- 
search Advisory Committee, data are 
given on this property in relation to notch 
sensitivity, and the significance of this 
property for fractures like those seen in the 
ships has been studied in the laboratory. 

Thirty-one steel samples from the ships 
were given the standard V-notch Charpy 
tesi for evalnalion of energy absorption in 
a notched bar. They arc designated 
Group A. 

In all cases, the bar was located with 
notch perpendicular to the surface of the 
plate, and in such a manner that the notch 
orientation corresponded to that of the 
crack as it progressed through the plate. 
This resulted in placing the bar parallel to 
the direction of rolling in all cases except 
on the S.S. Sea Bass where the deck plating 
is transverse. Four bars were tested at 
each of eight or nine temperatures or about 
30 bars per plate. 

Data for the 31 plates have been aver 
aged with respect to temperature: the 
averages are shown in the lower portion of 
Fig. 44, along with the best and the worst 
curves. The energy absorption values at 
70° F. are also indicated for each of the 
plates tested (upper left) with dotted lines 
to indicate the spread of the energy ab- 
sorption values covered by the four speci- 
mens tested at that temperature. 

Since the specifications for hull steel do 
not include notch bar tests, there was no 
standard value for comparison. For this 
reason, the Coast Guard Merchant Marine 
inspectors obtained from the shipyards' 
stock and scrap piles numerous samples of 
Vj in. hull steel plate which were for- 
warded to the United States Naval Ship- 
yard. New York. These are Group B 
samples. In addition, the Navy had re- 
quested the steel mills to submit samples of 
plate complying with both their own and 
the American Bureau of Shipping hull 
steel specifications. These are Group C 
samples. On Groups B and C a series of 
Charpy tests was also run, but only at 
70° F. The results are indicated on the 
plots, Fig. 44 (upper center and right). 
The spread of values was similar to that in 
Group A and has not been indicated. 
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I' Chemical A nalysts 

Chemical analyses were made on the 
fraetured plates from the ships to deter 
mine if there was iiiiy specific trend which 
might he indicated on surveying the 
chemical constituents of the plates in- 
volved in the fractures. 

D. Temperature and Notch Sensitivity 

Figure 44 shows Hint the steel in frae- 
tmed plates loses the ;ihility to absorb 
energy in the notched condition as tem- 
perature goes down Low temperature is 
s.i id to increase the notch sensitivity of the 
si eel lixpcriemv also shows that frac- 
tures in service gain in frequency ;it lower 
lempcnturcs. It would be natural to ex- 
plain this as a result of iiiercnscd notch 
sensitivity 

Conclusions 

1 . The serious epidemic of fr.u tin cs in 
the steel structure of welded mcich.uit 
vessels has been embed through the com- 
bined effect of the corrective measures 
taken on the struetuie of the ships both 
during construction and after completion, 
improvements in new designs ami im- 
proved comtruction practices in the ship- 
yards. 

2 Fractures occur more frequently at 
lower temperatures. 

.'i. By far the greatest frequency of 



fracture occurs under a combination of 
heavy seas and low temperatures. 

4. Statistically the age of the vessel has 
no appreciable influmicc on the tendency 
to fracture 

f>. The longitudinal distribution of 
cargo on the Liberty ships which fractured 
was not abnormal and little would be 
gained by establishing cargo loading pre- 
scriptions designed to reduce the number 
of casualties. 

0. The longitudinal distribution of 
ballast on the Liberty ships including those 
which fractured was not abnormal but this 
was improved by changes in the ballasting 
prescriptions without interfering with 
operating conditions. 

7. In the case of the tankers, poor dis- 
tribution of c;irgi> or ballast o:i the tankers 
ean create high stresses more readily than 
in Lilwrty ships. (General loading pre- 
scriptions for tankers appear feasible, and 
desirable. 

8. A tendency for certain ships to incur 
repeated casualties can be mmsnrcd but 
the trend is not great. 

!). No marked correlation between the 
incidence of fracture on the ships and the 
shipyard construction practiees could be 
found. However, with due allowance for 
difference in design, the ships constructed 
in yards utilizing subaverage shipyard con- 
struction practiees showed a higher than 
average incidence of fracture. 



10 Steel removed from plates which 
had fractured coinplterl with American 
Bureau of Shipping physical requirements 
for hull steel. 

11. The hatch corner modifications on 
the Liberty ships have proved effec- 
tive. 

12 The riveted crack arrestor at the 
gunwale has been effective. Riveted shell 
seams have also been responsible for limit- 
ing the extent of fracture. No crack has 
been known to pass an arrestor. 

13. More fractures started at notches 
occasioned by design than at notches re- 
sulting from defective workmanship. Al- 
though the relative contribution of poor 
workmanship was less, there were impor- 
tant cases where workmanship was the 
sole cause 

14. Every fracture investigated could 
be traced to a starting point at a definite 
geometrical discontinuity involving design 
or workmanship. 
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The Structural Reinforcement of 

Liberty Ships 



SINCE the inception of the "Board to Investigate 
the Design and Methods of Construction of Welded 
Sleel Merchant Vessels" numerous specific steps 
have been taken to control the difficulties which have 
occurred. There has been a great deal of conjecture in 
shipbuilding and shipping circles regarding the measures 
which have been taken and their intended puqwse. It 
hits been impossible in the past to disclose the problems 
in their true light, but now that the difficulties are more 
fully understood and the sco|>e and gravity of the situa- 
tion can be evaluated, it is i>ossible to set down the 
problems that presented themselves and the steps which 
were taken through the combined efforts of the U. *S. 
Navy, U. S. Coast Guard, U. S. Maritime Commission 
and the American Bureau of Shipping. 

The first step taken was to educate the shipyard 
personnel, inspectors and surveyors in the more obvious 
causes which were contributing to the structural failures. 
Three pamphlets, whose contents were quite similar, 
wore issued. The Coast Guard and American Bureau of 
Shipping issued instructions to their inspectors and sur- 
veyors, and the Maritime Commission printed a handy 
pamphlet which was circulated to all shipyard person- 
nel in supervisory capacities and to all inspectors and 
surveyors. At the same time orders were issued to the 
shipyards to make specific alterations in two or three 
items on new vessels which" were known to have contrib- 
uted to the failures. These included the elimination of a 
cut in the sheer strake of the Liberty shii>s in way of the 
gangway, freeing of the bulwark from the top of the 
sheer strake on the Liberty ships, serrating the bilge 
keel on both the Liberty ships and T-2 tankers, and add- 
ing large girders beneath the deck of the T-2 tankers. 

Hy the end of the summer of 1943, the more obvious 
difficulties had been largely removed from new ships, but 
it was apparent that there was a tendency in the repair 
yards to conclude that, since a plate had cracked, it 
must of necessity have been rolled of defective material. 
The ship repair yards were removing large quantities of 
phi ting in effecting the repairs. Study showed, however, 
that th<» material complied with existing specifications 
and that new material introduced in the repair was, in all 
probability, in no way superior to that removed. In- 
structions were therefore issued in Marine Inspection 
Memorandum No. 64 covering the repairs of structural 
failures. 

It also became evident that the majority of reports of 
structural failures were not complete enough to permit 
study of the more elusive causes. New forms were there- 
fore devised for making the reports so that important 
information would not be omitted. Large diagrams were 
drawn for the Liberty ships and T-2 tankers on which 
the location of the fracture or buckling could be indicated 




Fig. 1 Outside Vi»w of Hatch 
Corner in Upper Deck of 
Earlier Liberty Ship Shows 
Original Design Including 51- 
Lb. Doublet Beneath Deck 
and Welding Around Insert 
Plate 



Fig. 2— Outside View of Hatch 
Corner in Upper Deck of New 
liberty Ship. The 20-Lb. 
Doubler Is Shown on Top ol 
Deck and Covering Insert 
Plate 



and on which spaces were provided for all of the pertinent 
data so that inadvertent omission of important facts 
would be avoided. A third form of letter-size, NAV-CG 
2752, was devised for reporting structural failures on ves- 
sels other than the Liberty ships and tankers. In order 
to establish definite procedures for making these reports, 
Marine Inspection Memorandum No. 57 was issued. 
All of these data were distributed, not only to the Mer- 
chant Marine Inspectors of the Coast Guard, but to the 
Maritime Commission, Navy Department, American 
Bureau of Shipping, the British Corporation and the 
British Admiralty, and at the present time structural 
failure reports are being received through the regular 
channels of all these agencies. 

The structural reinforcements to be added are in- 
tended to serve two purposes: First, steps are taken to 
eliminate as many crack starters as possible; and second, 
barriers are introduced to limit the progress of any crack 
which might start from an undetected origin. 

It has been found that practically any square corner 
introduced into the material may prove a source of diffi- 
culty. Square corners are therefore to be rounded in so 
far as practicable, and, in the case of the hatch corners 
which are a proved source of difficulty, specific rein- 
forcements are to be added. Figure 1 shows the original 
reinforcement provided on most of the existing Liberty 
ships. 

On new vessels an improved corner reinforcement is 
being fitted during the construction period. The rein- 
forcement for new vessels is shown in Figs. 2 and 3. 
Orders for this change were issued in August 1943. 
On vessels which were not reinforced at the hatch corner, 
as shown in Figs. 2 and 3, a rounded insert corner 
with face plate is being fitted as shown in Fig. 4. 

On the earlier Liberty ships a bulb bar bilge keel was 
used. In welding the butts care was seldom taken to 
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FACTORS INVOLVE!) IN T11K 
PREVENTION OF FAILURES 

There are three principal factors in- 
volved in the prevention of failures of 
welded structures: First, the material, 
mostly steel platen and weld metal, should 
IHissess, uniformly, the properties antici- 
pated by the designer. Furthermore, 
these properties must not be affected ad- 
versely by the effects of fuhricnt iug o|s»ra- 
tious or conditions encountered in service. 
Seeond, tin- design should itini to pn since, 
with eennomy of inaterials, weight, and 
eost, i structure functionally suitable for 
the pur|K>se intended, with adequate 
strength in all parts of tin- structure under 
all possible operating conditions. Third, 
workmanship or fabrication- -the work of 
the titters, welders, supervisors ami in- 
spectors - should carry out the ideas of the 
designer .Mid must produce joints of the 
strength (hat he intended. Of course, 
these three factors are somewhat inter- 
related, and there may be some oth »r 
factors involved, such as the cost and 
availability of materials and fabricating 
facilities. 

The failures in the ships usually involved 
a combination of these three factors, and 
were hugely n result of the lack of adequate 
knowledge <if (a) I he Hfgiiilicaucc of certain 
pro|S'ilics of stniclnral stcrls, especially 
their relation to the pcrfoi ninnec of (In- 
steel in the presence of multiaxal st-rrswy 
or in si nurtures containing notches or other 
discontinuities, (ft) the effeel of fabricating 
operations such as welding. Ilanie cutting 
or cold forming, or of service conditions 
such lis low (enipemtlires, on these signiti 
cant properties of the steels, (< ) the diHtri- 
Imtion of stresses, both uniaxial ami molli- 
axiiil, in welde<l ships under different 
operating comlitions and (*/) the presence 
of welding defects, and (he extent, or 
severity of welding defects that may In- 
tolerated in a structure under the comli- 
tions encountered in service 

A number of the fractures originated 
in parts that are not ordinarily considered 
as strength members (such as scuffing hars. 
bulwark plates and cap rails, hilge keels 
or deck attachments) and propagated 
through welds into the hull structure. 
This shows that, even for non-strength 
members that are attached to the hull by 
welding, the standards of quality of ma- 
terials, design and workmanship should be 
equal to those required in the hull struc- 
ture itself. 

Tin- incidence of failures in welded ships 
has l>ccn reduced materially by improve- 
ments of design details and of welding 
workmanship. However, it is evident 
that stress concentrations caused by un- 
avoidable structural notches or undetected 
welding defects can never be entirely 
eliminated Kvcn if the original construc- 
tion approaches perfection, a mechanical 



or metallurgical notch may be farmed at 
any time during the life of a structure as a 
result of alterations, accidents, repairs, 
temporary attachments or even accidental 
touching of the steel by a welding electrode 
or an electrical conductor. Many of the 
failures did originate at such notches, 
introduced after the ship was in service 
This constitutes further evidence that 
the quality of the steel, es|*'cialiy with re- 
gard to notch toughness, must be con- 
sidered as a most important factor in the 
prevention of failures in welded structures. 

It has been shown that the platen with 
abnormally high notch sensitivity, in 
which fraeturcN arc most likely to originate, 
represent the relatively few plates whose 
notch sensitivity falls in the tail of the 
probability curve for steels of the quality 
used when these ships were built. This 
suggests two possible remedies: 

1. Improvement of the average quality 
of the steel with respect to notch sensi- 
tivity, by suitable specification require- 
ments such as composition, grain size or 
heat treatment. (In effect, this won hi 
move the entire probability curve in the 
direction of decreased notch sensitivity, 
so that a much smaller proportion of the 
plates in the tail of the curve would full be- 
yond acceptable limits of notch sensi- 
tivity.) 

2. Detei mind inn of the notch sensi- 
tivity of every lent of steel by inspection 
lesls, and rejection of all heats that fail to 
meet suitable prcseijbed standards (In 
effect, this would "cut off the tail" of the 
probability curve,) 

Tin* liist of these remedies would have 
the additional ml vantage that u larger 
proportion of the steels would have notch 
sensitivities low enough to hall the propa- 
gation of any fracture that might start. 

In the application of either of the above 
remedies, however, due consideration 
should he given to the possibility that the 
notch sensitivity of the steel as fabricated 
in the ship may be considerably greater 
than the notch sensitivity as determined 
by mill tests of the prime plate. It has 
been noted previously that, in addition to 
the factor of design, nearly all of the 
fractures originating in plates were asso- 
ciated with welds, flame culs or deforma- 
tion of the plate, and in a number of eases 
notched bar tests huve indicated that the 
notch sensitivity is increased locally us a 
result of these operations It is con- 
ceivable that this increase might be greater 
in some steels than in others, so that, a steel 
which appeared to be relatively notch 
lough in the mill tests might he more 
notch sensitive, as a result of fabricating 
operations, than some other steel, For 
example, McOeady ami Stout 11 have 
shown that the increase of notch sensitiv- 
ity after welding is much greater for sonv 
steels than for others of nearly the same 
notch sensitivity in the as-rolled condi- 
tion. 



SUMMARY 

The results of this investigation indicate 
that the structural failures in welded ships 
were caused by stress concentrations and 
by steel that was notch sensitive at the 
operating temperatures This conclusion 
is confirmed by results of lalioratory tests 
of fractured plates, as well as by critical 
observations of the starting points and 
the circumstances of the failures 

The starting ismds of the fractures 
could be traced, invariably, to a point of 
stress concentration at a notch resulting 
from structural or design details, welding 
defects, metallurgical iniperfertions or 
accidental damage. Tin; failures were 
relatively more numerous at. lower operat- 
ing temperatures, and the few failures 
that did occur at tcmperal ures higher than 
about 50° V wen* not as extensive or 
serious as many of the fsilures which 
occurred at lower tempi* rat ures. The 
fractures in the ship? were of a brittle type, 
showing very little ductility: but in 
tension tests the steels from the fractured 
plates showed nor mill strength and duc- 
tility, which would meet, the specification 
requirements under which these steels 
were purchased. 

All of the above features observed in the 
ship failures are typical of this behavior of 
a notched specimen teslod in tension or in 
landing, and are indications that notch 
sensiMvity of the steel was a major factor 
in »he failures. However, the fractures 
incurred in relatively few of each of the 
different types of ships that were built, 
and at. different locations in these ships, 
whereas the majority f >f the ship* of the 
same design and count ruction did not 
fracture. These farts suggest that in 
relation to tie condition* of stress con- 
centration that existed in these slops under 
various operating conditions, the lack of 
notch toughness was a borderline de- 
ficiency of a relatively small portion of the 
steels used when these ships were built. 
That is, although similar notches resulting 
from design details or welding defect* 
were undoubtedly present in all ships of a 
given type, fractures originated only when 
high stress concentrations at critical loca- 
tions in the structure occurred in combina- 
tion with plates of usuully low notch 
toughness. This is confirmed by the 
Charpy V-not«h tests of the fractured 
plate* , w hieh showed that plates in which 
fractures originated in the ships were 
generally more notch sensitive than plates 
which did not contain the source of a 
fracture, using a* the criterion of notch 
sensitivity either the 15 ft-lb transition 
temperature or the energy absorlssd by 
Charpy V-noteh specimens at the failuie 
temperatures ol the respective plates. 

Statistical ini crpret ation of the dat ft 
shows that under the conditions existing 
in a structure *uch as a ship, the prob- 
ability that a fracture will originate in a 
plate increases markedly with increasing 



notch wiiHitivily of I ho Hteil. Thn platen 
with abnormally hinli notoh sonaitivity, in 
which fnicturoH an- mont likoly to origi- 
nilto, ro|»r<»Bont the rolativoly few plat** 
whom? notch wiwitivity fall* in tho tail of 
tho frequency (liHtribution curve for itoeU 
of the quality umtd wlion these ship* were 
built. Similarly, the j>robabHHy that a 
fracture will end in a plate increaaea with 
increasing notch toughness. Fractures, 
once started, will continue to propagate in 
plates of intermediate notch toughness 
unless the stress concentration falls below 
that required to promote fracture.* 

A number of the fractures originated 
near welds or flame cuts, or at locations 
where the plate lmd been deformed in 
fabrication (such as bilgo pi a teg or masts) 
or during operation. Notched bar tests 
on some of theso plates show that tho 
notch sensitivity in tho vicinity of tho 
fracture sources had boon further in- 
creased by tho metallurgical offocU of tho 
welding or flnmo cutting, or by strain 
aging resulting from deformation. In 
several cases, fractures originated at aro 
craters, in plates that wcro considerably 
less notch sensitive than the average for 
fracturc-sourcc plates. 

Tho evidence indicates, therefore, that 
the fractures originated in plates that were 
''selected" because of higher than average 
notch sensitivity at critical locations (or 
notches) in tho structure, and that in at 
least some cases the inherent notch sensitiv- 
ity of the plates was further increased, In 
the vicinity of tho fracture source, by 
fabricating operations. 

Tho properties determined by tonsion 
tests indicate no relation which is suffi- 
ciently marked to differentiate between 
tho plates in which fractures originated 
and the plates that did no t contain fracture 
sources. 

Relations between the Charpy V-notch 
transition temperatures and tho chemical 
compositions and grain sixes of tho ship 
steels indicate that tho notch sensitivity is 
increased by increasing amounts of carbon 
or photiphoru*, and decroasod by Increasing 
amounts of silicon or manganese, or by 
decreasing the grain sice, and that these 
effects are apparently additivo. Tho im- 
provement of notch toughness that has 
been attributed to a highor Mn/O ratio It 
moro probably a result of the additive 
cfTccts of increased manganese and de- 
creased carbon content. 

Improvement of tho general quality of 
steels by s|>ccification requirements for 
chemical composition and grain slxe should 
be more effective in tho prevention of 
serious failures in ships than a minimum 
requirement for notch toughness, to be 
determined by a suitable specification test. 
The latter would merely eliminate a cer- 
tain projxirtion of tho potential fracturo- 
sourcc plates, whereas the former would 
also increase the proportion of potential 
fracture-end plates. 

* An even mnra striking aorrelatio* between 
Q*rpy V-nolch proprrtlea and the nature of 
If h, lure U shnwn In lhe aiplneioti bulge teste 
eenduelcd at the Naval Research Laboratory.** 

In *»li«.*h nmiv ef lhe unknown nr uncontrolled 
»«■■;.-» ». :.„.!..*> i. »K t #«ifi.««r. »!••-,. 



ECL 1007C 

The results of this investigation indicato 
tho Importance of notch sensitivity, and 
tho need for moro information on tho 
effects of chemical composition, grain siso 
and mill practices on tho inherent notcn" 
sensitivity of steels. Moro knowledge is 
needed aleoon the changes of notch sensitiv- 
ity resulting from various fabricating 
operations, which may be different for 
different steels. 
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INSTRUCTORS NOTE 



In April 1943, the Secretary of the Navy appointed a 
"Board to Investigate the Design and Methods of Con- 
struction of Welded Steel Merchant Vessels". It is 
suggested that the class studying this case envision 
itself as that Board, faced with national responsibility 
for making urgent and valid decisions* Guided by the 
instructor the class should see the need to sponsor 
practical "shotgun" research concerned primarily with 
design and fabrication, to obtain quick answers even 
though the solutions are only partial. This was a 
national emergency and expense was unimportant* How- 
ever, the class should also recommend a reorientation 
of the research as soon as the war is over, along more 
fundamental "basic" lines, emphasizing the materials 
aspect and seeking a full understanding of the physical 
and metallurgical facts underlying the behavior of metals 
and the mechanism of failure. 

The primary teaching objectives include an excellent 
illustration of the engineering approach to a major 
problem, plus motivation for studies of brittle fracture 
mechanism, the relationship of welding to structural 
failures, and an introduction to related metallurgical 
concepts: the transiton temperature exhibited by body- 
centered-cubic metals, energy absorption during fracture 
propagation, design criteria for massive structures. 



INSTRUCTOR'S NOTE 
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J. What should students learn from the case? 

A. The engineering approach t o a crisis or a national disaster. 

1. Immediate search for practical "shot-gun" solutions. 
The class will be given or should elicit the basic 
facts known in April 1943, from facsimile sheets 
distributed by the instructor and by interrogation. 
A feeling of urgency for action should be imparted 
by the instructor. 

a. ) One of the first steps taken by the Board 

was to recalculate the longitudinal strength 
of all types of vessels involved in structural 
failures. These calculations showed a mar- 
gin of strength in every case over that 
required by existing standards. 

b. ) Obviously the class will lack sufficient facts 

for sound judgment, as did the Board, hence 
applied research should be sponsored, aimed 
at design and fabrication changes sufficient 
to control the brittle fractures. Analysis of 
the accumulating data will indicate that numer- 
ous fractures started at structural discontinui- 
ties, Failure at the hatch corners should 
particularly be noted (in the Liberty Ships 25% 
of all fractures originated there, and 52% of all 
serious fractures). 

The first remedial step taken by the Board was 
the modification of cargo hatch corners in 2047 
Liberty Ships. A substantial decrease in the 
incidence of fractures followed. 

c. ) In an immediate attempt to stop fractures which 

might otherwise cause possible loss of the 
vessel, riveted "crack arrestors" were instal- 
led in more than 1400 vessels. The arrestors 
stopped cracks which started in 26 vessels. 
No crack has been known to pass an arrestor, 



1 



ECL 1007 N 



2. Search for long range solutions, by research oriented 
on fundamental lines, seeking "basic" principles. 

The Research Advisory Committee appointed by the 
Board recommended a study of shipbuilding materials 
(the effect of welding on structural performance, 
fundamental factors affecting flow and fracture, practi- 
cal tests for use in procurement), a study of ship's 
structure (the ship at sea, design and fabrication of 
components, testing improved girders to failure), and 
a study of shrinkage, distortion, and cracking of weld- 
ed structures during assembly. 

B. The relation of welding to the brittle fracture of large structures. 

1, The class will note the different behavior of the same 
material when tested as a tensile bar or as a large plate. 

2. The requirements for brittle fracture will be clarified: 
a) low temperature, b) presence of a notch or defect, 

c) high strain rate (from impact loading or locked up 
stress). 

3< Brittle fracture is not restricted to ships- this is a 
general engineering problem. 

C. Acquaintance with important metallurgical concepts 



1. 


Notch sensitivity. 


2. 


Notched bar test specimens. 


3. 


Transition temperature in body-cente red cubic metals. 


4. 


Brittle (shear) failure. 


5. 


Plastic deformation. 


6. 


Energy absorption during fracture propagation. 


7. 


Design criteria for massive structures. 
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Stress concentration factors at the inside radius of 
the rounded hatch corners were on the order of 2. 0. 
The main superiority of rounded over square corners 
lies in their capacity for distributing the elastic and 
plastic action over a greater extent of metal, thereby 
reducing the local peak values of strain. The inherent 
danger of notches and sharp fillets in large structures 
is clearly taught by the fractures of the Liberty Ships. 

II. How should the case be used (possible assignments)? 

A. First Introduction of the topic 

1. Statement by the instructor: "The time is April, 1943". 
He will impersonate James Forestal, Secretary of the 
Navy, who has called this class together representing 
the top engineers of the country, to constitute a "Board 
to Investigate the Design and Methods of Construction of 
Welded Steel Merchant Vessels". 

2. Summary of extent of disaster as known at that time: 
There have already occurred over 100 Class 1 and Class 2 
"casualties" (fractures which weaken the main hull struc- 
ture so that the vessel is lost or is in dangerous condition 
[Class 1 1, or which involve the main hull at dangerous 
locations (Class 2 } ); in fact four ships have actually broken 
in two. 

The instructor here distributes photographs of the 
four ill-fated ships, and data on five additional 
vessels due to break apart within the next twelve 
months. 

See "First Assignment, A. First View of the Problem". 

The reason for these fractures cannot be explained. The 
fractures in many cases manifest themselves with explosive 
suddenness (note descriptions of S. S. Schenectady, Esso 
Manhattan, Valeri Chkalov) and exhibit a quality of brittle- 
ness which has not ordinarily been associated with the be- 
havior of a normally ductile material such as ship steel. 
Indeed, the first vessel to break completely in two, the 
S. S. Schenectady, broke apart while tied up at the fitting- 
out pier. It is evident that these failures of welded ships 
may have far reaching effects on the country's war effort. 
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3. Forestars directive to the Board: ". . . . Make a complete 
investigation of the matter. . . . and. . . . report the facts. 
.... If the facts establish the existence of defects in the 
designs of, or in the methods being followed in the con- 
struction of such merchant vessels which in the opinion 
of the Board adversely affect the seaworthiness thereof, 
the Board will also submit its recommendations as to the 
measures which should be taken to correct such defects". 

4. Relation of welding to the problem. 

The advantages of welding in ship construction 
are numerous. There is a direct saving of weight 
in the elimination of plate laps, flanged attachments 
and rivet heads, which may be utilized in carrying 
additional useful load. In addition, the difficulties 
associated with riveting in making and keeping struc- 
tures oil and water tight are obviated. Particularly 
pertinent to the establishment of new yards in connec- 
tion with the accelerated program of shipbuilding 
prior to and during the war was the saving in time, 
manpower and tool manufacturing capacity effected 
through the use of welding in lieu of riveting. This 
saving was brought about by the shorter time needed 
in welded construction for training operators, and the 
availability and smaller amount of equipment required, 
making it possible for a new welding yard to be out- 
fitted and in production in a fraction of the time which 
would have been required if the yard had been equip- 
ped for riveting. 

It is safe to say that without welding it Would have been 
impossible to build, in such a short time, the enormous 
fleet of ships which played such a vital part in winning 
the war. 

There are, howe ver, certain disadvantages connected 
with welding which were not fully realized at the outset 
of the expedited building program. Although the techni- 
que of depositing weld metal and the application of weld- 
ing sequences to minimize shrinkage, distortion and 
cracking were fairly well understood, relatively little 
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was known of other, deleterious conditions accom- 
panying the welding process on large ship structures. 
Consequently, when fractures in all welded steel 
merchant vessels first began to manifest themselves 
(as in the Schenectady, and Esso Manhattan), conditions 
were found which did not conform to previous experience. 
There was a general feeling that the accelerated ship- 
building program and the concomitant quantity produc- 
tion of all-welded ships had resulted in a general disregard 
for proper construction practices and workmanship. It 
was particularly felt that insufficient care was being de- 
voted to welding sequences, with the result that locked- in 
stresses were present in many ships to a. higher degree 
than would be expected. The presence of these high 
stresses was considered to be an important factor in the 
incidence of the observed fractures . 

However, it must be recognized that structural failures 
are not confined entirely to welded ships. A few cases 
of serious fractures in riveted ships are well known, 
such as the Leviathan and the Majestic, both of which 
suffered fractures across the strength deck. The chronic 
occurrence of fractures in riveted ships would have 
appeared in a different light if the fractures had been 
generally more spectacular or if the results of research 
of the war years had been known at the time of their 
occurrence. When a crack starts in a riveted structure, 
it generally progresses only to the first break in the 
continuity of the metal, e.g., a seam. There it awaits 
reloading to a stress which will give it a fresh start. 
In a welded structure, however, the crack will continue 
to propagate as long as sufficient energy is available. 

Particularly bewildering phenomena in the welded ship 
casualties were the appearance and nature of the fracture 
itself. It was generally believed that medium ship steel 
incorporated in ship structure would deform elastically 
when loaded within the elastic limit, and that if it were 
loaded beyond that point plastic flow would take place 
and a permanent deformation would result, evidenced by 
a reduction in thickness or area. If the load were in- 
creased sufficiently it was believed that the material 
would fail only after considerable elongation, as this is 
the behavior which would ordinarily be expected from a 
ductile material. 
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In the observed ship fractures, however, the fractured 
surface appeared crystalline rather than silky as would 
be the case in a ductile failure. The break was square 
and the line of separation normal to the surface of plate, 
rather than at 45° as would be the case in a failure on 
the plane of maximum shear. Very little ductility was 
evidenced, as indicated by practically zero reduction in 
the thickness of the plate at the fractured edge. This 
type of fracture is termed cleavage, denoting a separa- 
tion of the surfaces of the crystal lattice rather than 
sliding action along slip planes. 

The factors which might cause a normally ductile 
material to seem brittle were not understood. There 
was evidently a great need for fundamental study of 
the mechanism of fracture. As an index of the state 
of knowledge at the outset of the study, as well as to 
indicate the experimental difficulties which were en- 
countered, it is considered noteworthy that brittle 
fractures in medium ship plate of 3/4 in. thickness, 
comparable to those found in ships, were not reproduced 
in the laboratory until early in 1944. 

5. What first engineering plan of action would the class propose? 

a. The Board immediately took steps to coordinate the 
efforts of the Navy, Coast Guard, Maritime Commission 
and American Bureau of Shipping, and embarked upon an 
extensive program of investigation. Technical and sta- 
tistical analyses of all casualties were initiated; strength 
studies were undertaken of each type of vessel involved; 
loading and ballasting conditions were checked and ana- 
lyzed; convoy routes with accompanying sea and weather 
conditions were examined; many specific investigations 
and extensive laboratory research projects were initiated, 
aimed at studying design, fabrication and materials used 
in the construction of welded ships. 

b. The Board requested the National Bureau of Standards 
to continue an investigation they had already begun, 

of plates removed from fractured ships. 
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The Board provided NBS with properly identified samples 
of plates from 100 fractured ships, obtained through the 
cooperation of the U. S. Coast Guard. Information was 
collected on the circumstances of the casualties, structural 
features of the ships involved, location and extent of frac- 
tures, and other details (chemical compositions, probable 
minimum temperature of plates at time of failure). 

c. Class should see need of sponsoring urgent research 
work of "shot-gun" variety as suggested above, with 
very practical slant, concerned primarily with design 
and fabrication. 

6. Assignment for next meeting: 

Study B. NBS Summary of the 100 Ships 

Study C. Board of Inquiry Report 

B. Second Class Meeting 

1. What has class learned of general origin and source of fractures? 

In the Liberty Ships, 25% of all fractures reported originated at 
hatch corners. Eighteen percent of all fractures were found to 
occur in the vicinity of No. 3 cargo hatch. In addition, an ana- 
lysis of serious fractures showed that 24% started in the sheer 
strake*) cut-out for the accommodation ladder, and 52% started 
in hatch corners. 

Investigations conducted on welded ships revealed that stress 
concentration factors at the inside radius of the rounded hatch 
corners of a Liberty Ship at deck level were of the order of 2. 0. 
(A stress concentration of 3. 4 was found in a similar corner at 
sea under dynamic conditions. ) 

2. What practical recommendations can be made to alleviate the 
trouble ? 



*)Defined on page A- 2, sketch on page E-l, Fig. 7 
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a. Improve design and fabrication practices (hatch 
corner modifications). 

One of the first remedial steps which was taken was the 
modification of cargo hatch corners in the Liberty ships. 
Ultimately 2047 vessels out of a total of 2212 were fitted 
with one of several types of hatch corner reinforcements. 
A substantial decrease in the incidence of fractures 
followed. 

b. Install riveted crack arrestors in existing all-welded 

vessels. 

In an immediate attempt to stop fractures which might 
otherwise cause possible loss of the vessel a number of 
"crack arrestors" were installed in various types of 
vessels. These, in general, consisted of two types, 
one in which the deck just outboard of the cargo hatch 
was slotted and a riveted seam strap fitted over the 
slot, and a second in which either a similar slot and 
strap were placed in the sheer strake just below the 
deck line or, in lieu thereof, the deck and sheer strake 
were connected by a riveted gunwale angle. Altogether, 
crack arrestors of one or both type s were installed in 
more than 1400 vessels of all types. The gunwale crack 
arrestors functioned effectively and stopped cracks which 
had started in 26 cases in vessels on which they were 
fitted. No crack has been known to pass an arrestor. 

How does class interpret the sinister statistics about ships 
named William ? 

Moral: Beware of misleading comparisons. 

The facts: Up to 1 August 1945, 73 ships named William had 
suffered casualties. This was 5. 3% of all known 
casualties up to that time. In fact, since all 7 3 
Williams were Liberty Ships, which as a class had 
suffered only 978 casualties, this failure ratio was 
actually 7. 5%. Superstitious sailors naturally took 
a dim view of this evidence. 

The answer: Hopefully, class will eventually ask the instructor 
how many Liberty Ships had been built in all up to 
that time? (2710) How many of those were named 
William? (195) This ratio is 7. 2%, making the failure 
experience quite reasonable. 
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4. What should be done at end of war, when time becomes 
available ? 

Class should plan to reorient research program along 
more fundamental or "basic" lines, to study the physical 
and metallurgical factors underlying the behavior of 
metals and the mechanism of failure. 

5. Assignment for next meeting: 

Study D. NBS Summary {Parts IV and V) 

E. The Structural Reinforcement of Liberty Ships 

F. NBS Summary (Part III) 

Study presentation in modern engineering textbook chosen 
by instructor of the characteristic behavior of body- 
centered-cubic metals at low temperatures. 

Third and Final Class Meeting 

1. Discuss the relationship of welding to fracture of large 
structures. 

Class should understand the inherent danger of notches and 
sharp fillets in large structures. Class should review concept 
of notch- sensitivity of steel; mill practices and their effect on 
the properties of steel; the new specification for shipbuilding 
steel which was established by the Board 

Z. Class should appreciate advantages of welding in spite of these 
dangers: 

Fast construction 

Weight saving 

Water-tight hulls and tanks 

Smoother hull 

Welders are easily trained 

Fabricating equipment is cheap and portable 

3. Related metallurgical concepts which should be brought into the 
discussion: 

Notch Toughness 
Transition Temperature 
Brittle (Shear) Failure 
Plastic Deformation 
Energy Absorption 
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nclusions reached by investigators at NBS 
Ship failures can be prevented if: 

i . The materials (mostly steel plates and weld 
metal) uniformly possess the properties anti- 
cipated by the designer. These properties 
must not be affected adversely by fabrication. 
The quality of the steel, especially its notch 
toughness, is most important. 

ii. The designer produces a structure functionally 
suitable for the purpose intended, with adequate 
strength under all possible operating conditions. 

iii. The workmanship produces joints of the strength 
intended. 

The ship failures were incurred because of lack of knowledge 



of: 



1. 



The significance of certain properties of steel, 
especially its performance in the presence of 
multiaxial stresses, notches, and discontinui- 
ties. 



ii. 



The effects of welding, flame cutting, cold forming, 
low temperatures on the properties of steel. 



111. 



The distribution c£ stresses in welded ships. 



IV. 



The presence of welding defects, and the extent 
of severity of defects which can be tolerated. 



Two remedies are proposed: 



Improve the average quality of the steel with 
respect to notch sensitivity. 



11. 



Reject all heats that fall below standard. 
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III. Instructor's Analysis of Student Efforts {questions to stimulate discussion 
or bring out special features of the case). 

A. Was welding the cause of the Liberty Ship failures? 

Students should clearly indicate that welding was only an intensi- 
fying factor. The failures resulted from the combined effect of 
stress concentration at notches, in steels that were notch sensitive, 
exposed to low operating temperature. 

B. Isn't it still true that it was only the welded ships that failed 
seriously or actually broke in two? 

No, the NBS report mentions three unwelded failures, including 
the riveted Oakey L. Alexander (see Welding Journal , Jan. 1948). 

C. Isn't brittle failure none the less mainly a problem associated with 
ships ? 

The instructor should read Metal Progress, September 1954, pp 83- 
88. Brittle failure is a general engineering problem. The broad 
concepts and principles established by the Ship Structure committee 
apply with equal force to all types of welded structures, be they 
buildings, bridges, pressure vessels, or ships. 

D. In view of the effectiveness of riveted seams and riveted crack 
arrestors in stopping fractures, why did not the Board logically 
return to the all-riveted ship? 

Answer is summarized in II C 2 above. 

E. Were the steel mills guilty of supplying brittle steel to the shipyards? 

By today's standards, yes, but the steel as furnished complied with 
every physical requirement then imposed by specification. 

Tests on unwelded flat plates in widths varying from 1 2 to 7 2 in. and 
on large welded structural specimens finally indicated that, in the 
presence of notches which are comparable to those found on board 
ship, ordinary ship steel may fail at nominal stresses which were 
considered extremely low by accepted engineering standards. It 
should be noted that nominal failure stresses decrease from about 
45,000 psi, in the 12 in. plates to stresses approximating the yield 
point*') in 72 in. plates, and in the welded structural hatch corner 
tests failures occurred at nominal stresses as low as 23,000 psi. 



*) About 36, 000 psi- 
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Studies of the speed with which fractures of the cleavage 
type propagate have disclosed that it is extremely high 
(about 5000 ft. per second). This finding substantiates 
reports which have been received from the masters of 
vessels which have broken in two in regard to the sudden- 
ness with which such casualties have occurred. 

F. Were the shipyards guilty of poor welding quality? 

The Welding Advisory Committee made a survey of re- 
presentative shipyards, both Government and private, on 
the Atlantic, Gulf and Pacific Coasts, and found varying 
degrees of quality in workmanship and in methods of con- 
struction. 

Their findings showed the need for improvement in almost 
every phase of welded shipbuilding, and in particular, the 
need for standardization in operator training and upgrading. 
The identification of welding operators by degrees of skill 
and by individuals was found to be unsatisfactory. In most 
cases there was no means of tracing defective work to the 
operator who was responsible. Close inspection, including 
subsurface inspection of welds, was made in only about one- 
third of the yards. It was found that the piece work system 
in use by a great many yards did not serve as an incentive 
for good work. 

Poor workmanship engenders fracture, since a fracture may 
originate at a small notch, such as is occasioned by peened- 
over cracks, by undercut welds, by porosity and inclusions 
in the weld, or by "saddle 11 welds resulting from incomplete 
penetration, which leave voids at the center of the joint. 

IV. Advances of the Past 25 Years 

Obviously there have been great advances in shipbuilding since 
the publication of the Final Report of the Board of Inquiry, Present day 
ships are fully welded with no thought of riveted crack arrestors. Super 
tankers are on the seas; longer vessels are created from short ones by 
inserting prepared mid- sections; vessels with capacities of 500,000 tons 
or more are being envisioned. 



1Z 



£CL 1007 N 



This new confidence in welded shipbuilding is based principally on 
today's control of two majo r factors which influence the soundness of the 

vessel: 

1, The quality of the steel. 
Z. The engineering design. 

The steels used today are usually three grades specified by the 
American Bureau of Shipping, with controlled ratio of mangane se -to- 
carbon: Grades A, B, and C (for different thicknesses of plate). These 
steels have a low NIL ductility transition temperature; their notch tough- 
ness is in fact so good that impact tests are not routinely required in the 
specifications, excellent performance being assured if the other require- 
ments are met: for example, fine grain practice is required for Grade C. 
Beyond this, some use is beginning of alloy steels with special impact 
properties. Passenger ships have incorporated T-l steel and other alloy 
steels in strategic places for greater security. 

The de sign must have no stress raisers. Notches are prohibited, 
a lesson well taught by the Liberty Ships. The bulwark plates for example 
are not square-ended into the sheer strake, but now have rounded ends. 

What about weld quality? Given good steel and good design, it 
appears that minor defects in the weld become of lesser importance. 
Qualification tests for welders and welding filler materials assure a per- 
formance level adequate for the intended service. 
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Additional Documents for Instructor's File 

1. Summary of M. E. Shank article, 

Welding Research Council Bulletin 17, Jan. 1954 

2. Structural Failure of a Riveted Ship 
Proceedings of Merchant Marine Council, May 1947 

3. Brittle Failure of Steel Structures - a Brief History - by M. E. Shank 
Metal Progress, Sept. 1954 

4. Hatch Corner Deck and Side Shell of a Shelte rdecker 

5. 30 Years Ago - Loss of all-welded M Joseph Mediir 1 
Welding Engineer - Oct. 1966 
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Summary cf M. E. Shank Article (Welding Research Council Bulletin 17 

January 1954) 

Major concern lor brittle fracture as an engineering problem began 
with the merchant ship failures during and after World War II. Of some 
4700 welded ships, 25( suffered severe brittle fractures that endangered 
the vessels* (\ { ) of these actually broke in two or were abandoned) and 1200 
sullc rod potentially dangerous cracks of somewhat lesser severity. 64-65 

Intensive i nve stigations of the merchant ship failures prompted the 
roaji/.cttion th.it other major brittle failures had probably occurred without 
necessarily having boon recognized as such. A survey of Shank66 of earlier 
brittle failures oi engineering structures other than ships, is something of 
a classic, it describes failures of storage tanks including the famous 
Boston molasses tank failure of 1919 which released 2 1/2 million gallons 
of molasses, killed a dozen people by injury or by drowning in molasses, 
injured 40 others, drowned many horses, damaged many houses, and knocked 
over a portion of the Boston elevated railway structure. Details of the fail- 
ures and opinion of experts are documented from the court record, and an 
interesting commentary is the summary of the court-appointed auditor, who 
describes the conflicting nature of the testimony and describes the state 
oi knowledge of such failures at that time in the statement "that the only rock 
to which re could safely cling was the obvious fact that at least one-half the 
scu.n-..sts must be wrong. M This failure admittedly has limited significance 
mi a consideration of possible nuclear vessel failures, but it illustrates some 
of I '<< uncertainties that even today surround the subject brittle fracture and 
it k.rtnor ae rr.on st r ate s that the incidental results of a failure can be com- 
pe unci 4 (i l»« >o:ui I ho Kim pi'* fact of a vessel failure. 



\\. S. Na v I )e ] -a t tmenl , Final Report of Boa rd of Inve stigation to 
inijt/.i-e into the Design and Methods of Construction of Welded 
Steel Mi reliant Vessels, July 15, 1946, U.S. Government 
Pr mtinp; Office, 1947. 



H. G. Acker, Review of Welded Ship Failures, Report to the Committee 
on Ship Structural Design, National Research Council-National 
Academy of Sciences, Report SSC- 63 , Jan. 12, 1953. 

M. Shank, A Critical Survey of Brittle Failure in Carbon Plate 
Steel Structures Other Than Ships, Welding Research Council 

Bulletin 17, January 1954. 
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Shank's survey records several st ructural f ailu re s of bridges, crane 
booms, stacks, and penstocks, but only a few actual failures of pressure 
vessels; several of these failed during pressure testing rather than in service. 
One of the vessel service failures was that of a hydrogen storage vessel in 
1943. Another was the famous 1944 failure of two storage vessels that re- 
leased large volumes of liquified natural gas into the Cleveland sewer system 
and resulted in fires and explosions that caused the death of 1Z8 people and 
damage estimated at $6,800,000. Shank also reviews the limited available 
information on a number of failures of gas transmission lines between 1948 
and 1 951 and makes some speculations that have since proved remarkably 
accurate. Subsequent tests on pipelines will be discussed later. 

One of the most significant, and now obvious, characteristics of 
the brittle failures discussed by Shank, as well as the many failures in 
merchant ships, is the fact that practically all occurred in winter when 
the ambient temperature was low, and frequently when the temperature 
was changing rapidly. 

Puzak, Babecki, and Peliini^ have summarized the relationship 
of experimental NDT determinations to the World War II ship fracture 
failures and to brittle failures in six pressure vessels and about 10 non- 
pressurized engineering components which they studied in detail. They 
conclude that the energy criteria of the Charpy V-notch test used to es- 
tablish NDT and related temperatures provide the best practical method 
for notch-ductility indexing of steels, and that Charpy V-notch specifica- 
tions intended to prevent brittle fracture should be based upon demonstrated 
NUT correlations that have been established by service data or drop-weight 
te st s . 



P. P. Puzak, A. J. Babecki, and W. S. Pellini, Correlations of 

Brittle-Fracture Service with Laboratory Notch- Ductility Tests, 
Welding J. , 37 (9): 391S-407S (September 1958). 
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Structural Failure of a Riveted Ship 



The Oakcij L. Alexander was carry- 
ing a load of coai from Norfolk, Va. f to 
Portland, Maine. A severe storm 
lashed the At lan tit: coast. The heavy 
seas caused distress to shipping and 
was too much for the 31 -year -old 
ship. Two huge waves boarded the 
ship from i.he starboard quarter, 



washed overboard the port iifeboat, 
damaged the starboard iifeboat and 
the boat deck, besides bashing in the 
oak doors in tin? deck house. The 
load of the seas was too heavy. The 
bow broke off. Her captain grounded 
her on the rocky coast near Portland, 
Maine. 



When the seas had c aimed the ship 
was boarded to investigate the struc- 
tural failure and compare it with 
structural failures of welded ships. 

During the last 4 years, the prob- 
lem of structural failures in welded 
merchant ships was the subject of 
an intensive investigation. Studies 




Damaged freighter Oafcey L. Alexander grounded at Cape Elizabeth, Maine, 



May 1947 
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were made ol all phases of ship con- 
struction procedures and a thorough 
research program was carried out in 
an at tempt to discover the basic cause 
of hull fractures, 

Some of the more common ques- 
tions that have been asked concern 
the difference in the relative perform- 
ance of ships constructed by means 
of riveting or welding. There are 
some facts which throw light, on this 
difference. The following data form 
the basis for a partial answer to the 
question'. "Were similar difficulties 
experienced on riveted ships?'* Struc- 
tural failures are not unknown on 
riveted ships. Such famous ships as 
the Leviathan and Majestic cracked 
their main decks. In other cases, 
such as the Oklahoma and Mietvro, 
the ships broke in two. 

These cases are well known in ma- 
rine circles but the numerous lesser 
fractures have gone unheralded and 
without record, Attempts to compile 
statistics basei on such minor fail- 
ures are thwaited by the lack of evi- 
dence. On the other hand, for the last 
4 years, the structural-failure data 
on welded ships were kept in a single 
central record where they were tabu- 
lated and analyzed. 

During the last war, great numbers 
of nearly identical welded ships were 
constructed. Upon the basis of the 
service records of these similar struc- 
tures, it was possible to prepare sta- 
tistical studies. No similar volume of 
production of riveted ships ever took 
place. Even the ship-building pro- 
gram of Hog Island ships during 
World War I did not approach the 
production volume of Liberty ships 
and T~2 tankers during World War 
II. The large volume of production of 
welded ships and the broad survey of 
structural failures made during the 




Starboard side looking forward at edne 
fracture turns to shear in the vici 
cleavage beyond the seam. 

last 4 years permitted a complete sta- 
tistical analysis which was presented 
in the final report of the board to in- 
vestigate the design and methods of 
construction of welded steel mer- 
chant vessels. Since similar records 
are not available with respect to riv- 
eted ships, the exact answer to the 
question of their relative perform- 
ance will never be obtained. 

Even before the Oakey L. Alexan- 
der broke in two. many people asked 
the question: "Were the structural 
failures of welded ships similar to 
those which occurred on riveted 
ships?" This question could not be 



of curled-up deck plating. The cleavage 
nity of riveted seam and then back to 




Coaming of No. 4 hatch, starboard side looking outboard, showing the main 
deck curled up under the force of damage. 

84 



answered for a long time because few 
facts were available for detail study 
or ready comparison. 

The many investigations made on 
the structural failures of welded 
ships, broadened the knowledge of 
fracture characteristics of steel plates 
and of typically sensitive design fea- 
tures. 

When the Oakey L. Alexander was 
boarded by structural experts, they 
applied the knowledge gained in 4 
years of investigation and analysis of 
welded-shlp structural failures, It 
was possible to survey this ship and 
compare the findings with the results 
of investigations of other ship fail- 
ures. All the phases of the hull struc- 
tural failure were carefully photo- 
graphed, sketched, and measured. 
Various samples were removed and 
forwarded to the National Bureau of 
Standards for analysis, The final re- 
sults of this survey will not be avail- 
able for many months, The general 
observations made at the survey are 
very interesting and will in part an- 
swer the question quoted above. 

The fractures were found to have 
started at the square corners of the 
hatches. In addition to the main 
fractures which broke the ship in two, 
two minor fractures were found at 
other hatch corners, These frac- 
tures, however, did not continue to 
spread. 

The fracture of the plates was clas- 
sified as "cleavage," The term cleav- 
age is applied to a crystalline-appear- 
ing fracture which is square to the 
plate surface, exhibits little reduction 
in thickness or stretching of the ma- 
May 1947 
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terlal, and which usually has a dis- 
cernible herringbone pattern point- 
ing toward the starting point of the 
fracture. 

In the way of the starboard deck 
seam and at certain other locations, 
it was found that the mode of sepa- 
ration changed from "cleavage" to 
'"shear." A "shear" fracture is silky 
in appearance, occurs at 45 ,J io the 
plate surface and is usually accom- 
panied by considerable stretching of 
the plate. Such fractures were rarely 
found in the welded ship failures ex- 
cept where a fracture terminated. In 
this ship, it would appear that the 
fractures had run from the hatch 
corners to the riveted seams where a 
slight pause took place and the frac- 
ture changed to "shear." The pause 
was only temporary, however, as the 
load on the riveted seams was more 
than the plating could stand and 
ultimate failure of the entire hull 
resulted. 

All characteristics of the welded 
steel ship failures were present. Cer- 
tainly, it can be said that the struc- 
tural failures of the two types of ship 
are essentially the same. The pres- 
ence of the riveted seams undoubt- 
edly arrested the spread of cracks in 
numerous cases of riveted ship fail- 
ures. It is likely that this resistance 
to the continuation of cracks is the 
one real difference between the two 
types of structures. Cracking of one 
or two plates is not spectacular and 
would not be expected to attract 
broad interest. Certainly, the modes 
of fracture are not fundamentally 
different and it is likely that the more 
illusive features attributed to the 
riveted structure are due to nothing 
more than lack of detailed facts re- 
garding stiuctural failures in the 
riveted hull*. 
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Fig, I - fragment of a Fractured 
Drum, Note sfiintf. faceted appear- 
ance, sometimes called the chevron 
pattern. Apices of herringbone mark- 
ings point to the origin of failure 



Brittle Failure 
of Steel Structures 
-a Brief History 

By M, E. SHANK* 

Although 250 welded ships have been disabled since 1940 
by brittle cracking, such failures began as soon as steel plate 
became available for structural use and include storage tanks, 

bridges, booms and long pipe lines. 



D 



uiun'C World War II the problem of 
brittle failure received sudden prominence with 
the breaking up at sea and at dockside of welded 
steel merchant vessels, especially Liberty Ships 
and T-2 tankers. For this reason, in the minds 
of some persons, the problem of brittle failure 
is associated mainly with ships. However, a study 
of other steel plate structures shows that brittle 
failure is a general engineering problem, not 



confined to ships nor any other single category* 
Neither is the problem a new one. In 1856, 
Bessemer announced his process of steelmaking, 
and shortly thereafter steel became available in 
comparatively large quantities. A few years later 
(1861), openhearth steel became available. For- 
merly, steel had been made by carburizing 
wrought iron; it was scarce and expensive; there- 
fore, it was limited to such uses as cutlery and 



* Assistant Professor of Mechan- 
ical Kngineering, Massachusetts 
Institute of Technology, Cam- 
bridge, Mass. 

This paper is based, in part, on 
. i report to the Committee on Ship 
Structural Design of the National 
\cademy of Sciences. National Re- 
search Council. The Committee on 
Ship Structural Design is advisory 



to the interagency Ship Structure 
Committee which supported this 
investigation as part of its research 
program. 

The complete report, "A Critical 
Survey of Brittle Failure in Carbon 
Plate Steel Structures Other Than 
Ships", was published as Report 
SSC 65 by the Ship Structure 
Committee, U. S. Coast Guard 



Headquarters, Washington 25, D. 
C. It is also available as Bulletin 
No, 17 of the Welding Research 
Council. 

The opinions expressed in this 
article are those of the author and 
do not necessarily represent the 
views of the Committee on Ship 
Structural Design or the Ship 
Structure Committee. 
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hig, 2 - lla.sselt Bridge in 
Belgium. Note extreme bt it- 
tlencstt of breaks (Metal 
Progress, May 1939 > 492) 



Fig, 3 - T-2 Tanker Which Broke in Half at Dockside 



springs. Wrought iron and cast iron wen* the 
structural materials. In (heat Britain, hoard ol 
Trade regulations prohibited the use of steel in 
construction, and their revision in 1877 provided 
a great stimulus to the steel industry in that 
country. Thus, during the period of I860 to 1890, 
both in Europe and the United States, wrought 
iron vvas gradually being supplanted as a struc- 
tural metal by steel. Reluctance by engineers to 
discard the old reliable wrought iron caused the 
change to come about slowly, but in tin* long 
run, the cheapness, greater availability, and su- 
perior strength of steel won out. As mure steel 
came into use, troubles with brittle failure began 
to appear. 

In the Journal of the Iron and Steel Institute 
for 1879 appears a paper by Nathaniel Rurnahy 
on The Use of Steel in Naval Construction". 
Mr. Barnaby deplores: "Recent cases have oc- 
curred of fracture in bessemer bars . . . horn 
some trifling blow or strain . . . they nearly all 
took place during the late severe weather at 
Chatham." 

In the ensuing discussion of the paper, Mr. 
Barnaby was roundly denounced by the as- 
semblage. However, in that same meeting one 
Mr. Kirk complains of the cracking of steel in a 
mysterious manner. In particular, he cites a steel 
plate which "when cold, on being thrown down, 
split right up. Pieces cut from each side of the 
split stood all the Admiralty tests. Now given a 
material capable of standing without break- 



ing an extension of 20% he wanted to know . . , 
how a plate . . . could split with a very slight 
extension ... not to the extent of 1%" 

Mr. Kirk thereupon asked the steelmakers for 
a remedy to this problem, and, if a remedv was 
not available?, at least a rational explanation. His 
question was totally ignored. Today the problem 
is yet with us, and modern engineers and metal- 
lurgists arc still striving to satisfy Mr. Kirk's 
request of 75 years ago. 

It might be well to summarize briefly the 
manifestations of brittle fracture occurring in 
carbon steel plate. 

Three conditions may combine to bring about 
such failures; First is low temperature — say 
I 40° F., to -40° F., such as exists in the ambient 
atmosphere. Second is the presence of a notch 
(introducing triaxial stress); any defect such 
as a welding crack or a void, or a crack left by 
a punching or shearing operation can serve as a 
notch which will initiate brittle failure, and so 
it is sometimes called "notch brittleness". The 
third factor is high strain rate, but such impact 
loading is not necessary for brittle failures; as 
will be shown, many have been initiated under 
what appear to be completely static conditions. 

When brittle failure occurs, it may be recog- 
nized by several earmarks. Among these are the 
speed at which fracture occurs (approaching 
several thousand feet per second), almost com- 
plete lack of ductility, negligible energy absorp- 
tion, and a "brittle" or faceted appearance of the 
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liactured surface. Moreover, the fractured sur- 
face often has a characteristic "chevron" or 
"herringbone" appearance, the apices of the 
herringbones pointing to the origin of the frac- 
ture, an extreme example of which is shown in 
Fig. J. Finally, when steel plate taken from a 
structure which failed in a completely brittle 
manner is tested in an ordinary tension test, it 
manifests a high degree of ductility and strength! 
It is this last characteristic which was so baffling 
to engineers. 

Failures of Riveted Structures 

Steel plate was customarily joined by rivets, 
of course, up to about 30 years ago. The earliest 
structural brittle failure on record, apparently, 
is a riveted water standpipe at Gravescnd, Long 
Island, in 1886. it was an ambitious design, 250 
ft. high, 16 ft. in diameter up to a height of 59 
ft., decreasing conically in a length of 25 ft. to 
an 8-ft. diameter, which was retained to the top. 
The whole was steadied by guy wires. Plates in 
two sizes, 5x7 ft., and 5x9 ft,, were employed 
with thicknesses varying from 1 in. at the bottom 
to Yi in. at the top. All joints were triple riveted. 
Failure occurred during the hydrostatic accept- 
ance test. Water had been pumped to a height 
of 227 ft. when there was a sharp rending 
sound; a vertical crack appeared in the bottom, 
running up about 20 ft. The whole tower thou 
collapsed. An eye-witness noted that the work- 
manship seemed to be good, that some of the 
upper plates were tough and ductile, having 
actually rolled up, while others in the bottom 
of the tower were brittle with glass-like frac- 
tures. He concluded that only a brittle material 
could have wrought the destruction that oc- 
curred, and that it seemed as if all this defective 
plate had been concentrated in the lower part 
of the tower. 

From 1898 up through 1933 engineering pub- 
lications contain occasional accounts of brittle 
failures of riveted water tanks, gas holders, oil 
storage tanks, and ships. However, since 1900 
over a dozen riveted merchant ships have broken 
in two or are listed as missing. It may be sig- 
nificant that most of these vessels were of the 
tanker type (the same category that has given 
the most trouble in welded ships) but such 
famous passenger liners as the Leviathan and 
the Majestic experienced cracks in their upper 
strength decks. These cracks started in square 
openings and sometimes extended to the shell - 
some even extended down the shell. In at least 
one case a loud report accompanied the forma- 
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Fig. 4 — V ailed Spherical Pressure Vessel at Mor~ 
fcantown, W. V«., SI toning fjOtif* Brittle Tear 



Vig. 5 - Failed I* on er Shovel Hoom. The end 
of the hoom (pressed plate) has broken off 
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lion of a crack, indicating brittle fracture. The 
Knropa had similar cracks. 

The most famous brittle failure ofl a riveted 
structure was a molasses tank in Boston. One 
January day in 1919, when the tank contained 
2,3<X),000 gal. of molasses, it hurst open. Twelve 
persons were drowned in molasses or died of 
injuries; 40 others were injured. Houses in the 
path of the flood were damaged and a portion 
of the Boston Elevated Railway knocked over. 
An extensive lawsuit followed, and many well- 
known engineers and scientists were called to 
testify. Much conflicting testimony was pre- 
sented as to the cause, and it was here that the 
significance of the chevron pattern in a service 
failure ( see Fig. 1 ) was recognized. 

Finally after years of testimony, the court- 
appointed auditor decided that the tank failed 
by overstress. In comment he said: ". . . Amid 
this swirl of polemical scientific waters it is not 
strange that the auditor has at times felt that the 
only rock to which he could safely cling was the 
obvious fact that at least one-half of the scien- 
tists must be wrong. . . *\ This statement fairly 
well summarized the engineering knowledge (or 
lack of it) concerning notch-brittle behavior. 

Failures of Welded Structures 

Bridges -Just prior to World War II, about 
50 bridges of a type known as a Vierendeel truss 
were built across the Albert Canal in Belgium. 
They possessed straight lower chords and curved 
upper chords, joined by verticals. There were 
no diagonals, yet the structure was a very rigid 
one. Some of these bridges were built of welded 
or rolled I-beam and plate, others entirely of 
plate. The span and detail were varied to suit 
the location. In March 1938 when the weather 
was quite cold the bridge at Hasselt, with a 
span of 245 ft., collapsed into the canal (Fig. 2). 
Eyewitnesses heard a sound like a shot and saw 
a crack open in the lower chord. This left the 
top chord acting as an arch. Six minutes later 
the bridge broke into three pieces, and fell into 
the canal. AH the fractures were brittle, some 
through welds, others in solid plate away from 
the welds. The bridge was lightly loaded at the 
time. Within two years, two similar bridges 
failed in the same way. 

These failures set off a great flurry in engineer- 
ing circles. Numerous references to them, and 
to the supposed cause, were made by foreign 
correspondents to Metal Progress. The Belgium- 
Luxembourg steel industry claimed that the 
quality of the steel was above reproach, and the 
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failure ol the ilasselt bridge was due to poor 
wehls. Representatives of the welding industry 
had also visited the site and satisfied themselves 
that the failure was not due to the weakness or 
impel feet ion of the welded joints. 

Both judgments were premature. Several years- 
later a thorough investigation was undertaken 
by two Germans, H. Busch and W. Reuleke. 
They reported that most failures were initiated 
at welds, and that many welds were defective. 
They found that on Charpy notch-impact tests 
practically all specimens were brittle (at least in 
part) at the cold temperature which existed at 
the time of failure. Their conclusions stated 
that the accident was caused by (a) multiaxial 
restraint and residual stress, (b) low ambient tem- 
perature, (c) low notch-impact characteristics of 
the steel. They seriously questioned whether 
nonkilled bessemer steel should be used in thick 
plate, despite good static-tension properties, 
since its notch-impact is low. 

The Vierendeel bridge failures were a prelude 
to the brittle ship failures which occurred in 
World War II. Between 1942 and 1952 about 
250 welded ships suffered one or more brittle 
fractures of such severity that the vessels were 
lost or were in a dangerous condition. Nineteen 
of these 250 ships broke completely in two or 
were abandoned after their backs were broken; 
11 were tankers, 7 were Liberty Ships for dry 
cargo. In the same 10-year period, 1200 welded 
ships suffered brittle cracks, generally less than 
10 ft. in length, which did not disable the ships 
but were potentially dangerous. The foregoing 
figures arc for ships over 350 ft. long; very few 
failures have occurred in smaller vessels. 

Ships— The first welded ship failure was that 
of a T-2 tanker in January 1943. While the 
vessel was sitting quietly at her fitting-out pier 
in Portland, Ore., the deck and sides fractured 
amidship with a report heard for at least a mile. 
The vessel, held together only by its bottom 
plating, jack-knifed so the center rose out of the 
water. See Fig. 3. 

In Liberty Ships, the majority of the failures 
started at square hatch corners and square cut- 
outs in the top of the "sheer strake" — that is, 
the highest strip of shell plating. The frequency 
of serious failures was reduced after structural 
details, such as hatch corners, were redesigned. 
In addition, riveted straps or crack arresters — 
similar to butt straps in riveted plate work — 
were installed in the deck and at the gunwales, 
and all plate welds terminated in a slot behind 
these crack arresters. 
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In the T-2 tankers, most failures initiated in 
defects at butt welds in the hull. No simple 
remedial measures were possible, but finally four 
or more crack arresters were installed on these 
tankers, two on the deck and two in the bottom. 
It is to be noted, however, that crack arresters, 
while limiting the extent of cracks, do not prevent 
their occurrence, and so the frequency of serious 
fractures in T-2 tankers did not markedly dimin- 
ish. A recent directive of the American Bureau 
of Shipping calls for installation of additional 
crack arresters in these ships, as well as strength- 
en ing the hull girder. 

Pressure Vessels — Brittle failures of pressure 
vessels have occurred in recent years. One of 
these occurred in Schenectady, N, Y., in Feb- 
ruary 1943. The vessel was a spherical hydrogen 
tank of welded construction, 38.5 ft. in diameter, 
with 0.66-in. wall of semikilled plate. It had 
been in service three months. The design was 
in accordance with Paragraph U-69 of the 
A.S.M.E. Code for Unfiled Pressure Vessels. The 
design called for a working pressure of 50 psi., 
a working stress of 11,000 psi., and a weld effi- 
ciency of 80%. In 1942 it had been tested at 62.5 
psi. and showed no leaks. The manhole of the 
tank had been made in two subassemblies (bolt 
flange of neck in one, collar and sphere plate in 
the other) and had been field welded in place. 
All manhole plates were made of £-in. sheared 
cold rolled plate. The plates were dished cold, 
and in accordance with Paragraph U-69 of the 
code, not stress-relieved. 

On the day of the fracture the ambient tem- 
perature had been below zero, had risen 27° F. 
in 7 hi., and was 10° F. when failure occurred. 
The internal pressure was about 50 psi. The 
sphere burst catastrophically into 20 fragments, 
with a total of 650 ft. of herringboned brittle 
tears. The tears were plotted on a model, with 
directions of herringbones marked by arrows. All 
herringbones led back to the manhole, which 
was the origin of fracture. The intensity of the 
failure was greatest in the manhole region. 

The general quality of the welding was excel- 
lent. Only a few feet of fracture followed welded 
seams or the heat-affected zones alongside. Later 
examination of the relief valves showed them to 
be operating satisfactorily. Except in a minor 
way, fractures did not involve support-leg attach- 
ments where stresses were high. On good evi- 
dence the possibility of internal explosion was 
eliminated. The field assembly of the manhole 
neck required heavy welds of many passes, and 
old cracks were found, as well as manv small 



Fig. 6 — Failed Gas Line, 30 In. Diameter, Show- 
ing Sinusoidal Nature of Fracture. Note longitu- 
dinal welded scam, which appears to be intact. 
Presumably this failure occurred while installation 
was being tested. (Courtesy Lincoln Electric Co.) 

cracks in the inner, sheared edge of the neck. 
The investigators believed the causes to be: 

1. High stresses at the manhole neck resulting 
from the presence of the hole in the sphere. 

2. Residual stresses approaching the yield 
point in the manhole neck due to shrinkage of 
the heavy welds; there were several old radial 
cracks in this region. 

3. The use of semikilled steel, which was brit- 
tle under the existing circumstances. 

4. Probably thermal "shock"' due to the rapid 
rise of temperature which increased the hydro- 
gen pressure, or to thermal stress resulting from 
uneven heating by the sun's rays. The large; 
amount of energy available from the compressed 
gas was sulficicnt to scatter the pieces without 
an explosion. 

The investigators recommended that gas ves- 
sels should be tested at twice the working pres- 
sure with water, rather than VA times the working 
pressure with gas, and that subassemblies (such 
as manholes and nozzles) should be built in the 
shop, stress-relieved, and iVIagnafluxed for cracks, 
and designed to avoid heavy, built-up weld 
deposits which cause high residual stress. 

Other spherical pressure-vessel failures oc- 
curred in Pennsylvania in March 1943 during a 
test, and at Morgantown, W. Va. (Fig. 4) in 
January 1944, also on test. In Cleveland, ex- 
tremely disastrous failures occurred in a cylin- 
drical and in a spherical gas pressure vessel in 
October 1944. These two vessels, built of a 
nickel steel, had been used to store liquefied 
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natural gas at a pressure of 5 psi. gage and 
-260° F. Burning liquid got into the storm 
sewers and fir* spread into several blocks of 
residences nearby. In the ensuing holocaust 128 
persons were killed, and damage amounting to 
$6,800,000 resulted/ 

Other Structures— Failure of power-shovel 
booms and dipper sticks (the member which 
carries the bucket) have been reported. Most 
of these occurred in cold weather, at -15 to 
-20° F. Figure 5 shows a power shovel on which 
the end of the boom has broken off. The material 
was a "Man-Ten" plate, containing 1.25 to 1.70% 
manganese, usually classified as a low-alloy steel. 

Similarly, the brittle failures of oil-storage 
tanks, a smokestack, and a penstock have been 
reported. Three new oil-storage tanks broke up 
before they had ever been filled. The weld over- 
fill on the seams inside the tank had been chipped 
flush during erection, leaving tiny notches. Fol- 
lowing a sharp temperature drop, long cracks 
appeared across the welds, entering the plates 
on either side. 

Pipe Lines -In the period since 1948 failures 
have occurred in high-pressure gas transmission 
pipe lines. Pipe for these cross-country lines is 
now usually produced according to an American 
Petroleum Institute standard, which specifies 
grades of strengths. Comparatively high values 
of carbon (0.3435 max.) and manganese (1.30* 
max.) are allowed. In one method of manufac- 
ture the pipe is cold formed, seam-welded, and 
hydrostatically cold expanded, both to round it 
and to boost its yield strength up to the value 
specified. It is then hydrostatically tested. Rais- 
ing of the yield by cold work has an important 
economic consequence. Inasmuch as a thinner 
pipe wall can thus be used, a considerable weight 
of steel can be eliminated. Large savings result. 

Installation methods and allowable pressure 
in transmission lines are covered by an American 
Standards Association code (now being revised). 
Under this code it is permissible, in sparsely 
populated areas, to carry a pressure (approxi- 
mately 800 psi.) which will stress the pipe to 
12% of its yield strength. In more densely popu- 
lated areas stresses from pressure are limited to 
about 50% of yield strength. 

There is little published information concern- 
ing failures in gas-transmission-lines. One short 

*This disaster was extensively studied, and the 
report of the Mayor's Commission is on file in the 
Cleveland Public Library. Reports of investigations 
sponsored by the East Ohio Gas Co. and by the U.S. 
Bureau of Mines are also available on request. 
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article says they range from 180 to 3200 ft. in 
length. (The failures here described occurred 
on test, after installation. ) The cause — presum- 
ably the initiating cause — is stated to be well 
known, namely, gouging or scratching of the 
plate in transit or installation. The failures al- 
ways follow a sine wave pattern and look as 
though there had been an internal explosion. 
See Fig. 6. 

In addition, a report of the Federal Power 
Commission lists a number of "splits" of pipe 
which occurred on test and in service. These 
splits were in the pipe itself, not in the weld. 
Details about these accidents are unobtainable 
— indeed, many of the data were probably lost 
in subsequent repair and replacement. It seems 
probable that some of these splits represented 
brittle breaks, but that others did not. 

Because detailed technical information is lack- 
ing, definite statements about brittle pipe-line 
failures are difficult. However, some interesting 
speculations can be ventured. One speculation 
concerns field welding to join sections of pipe. 
With the upper limits of carbon and manganese 
contents allowed in the steel under A.P.L 
Standard 5LX, trouble may be encountered in 
field welding of girth joints, since air hardening 
and subsequent cracking might occur in the 
heat-affected zone. 

Another speculation concerns the rate of crack 
propagation in steel versus the rate of pressure 
released in natural gas (methane) following a 
pipe break. The gas pressure will be released by 
an elastic wave traveling at the speed of sound, 
approximately 1300 ft. per sec, and this rate 
will not be affected by pressure. Experimental 
values of 2750 to 6600 ft. per sec. have been 
measured in brittle fracture of steel in the lab- 
oratory. Thus it appears that the gas-discharge 
pressure wave will never catch up with the brittle 
crack; the tip of the crack is always traveling in 
a stressed area. This would account for the long 
breaks described. Testing of pipe lines with 
water might prevent such long breaks, inasmuch 
as the velocity of an elastic wave in water is 
about 4800 ft. per sec. 

To determine this and other unknown factors 
the gas industry is sponsoring a considerable 
amount of research on the complex problem of 
brittle failure. £ 

Editor's Footnote - This brief article about the 
history of brittle fractures in notable structures will 
be followed by others discussing the factors of im- 
portance in such failures, the probable mechanisms 
of crack propagation, and the possible solutions. 
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HATCH CORNER DECK AND SIDE 
SHELL OF A SHELTERDECKER 

1* General 

Open shelter-decker, 9000 tons DW, built in 1948. 

Length * 152, 46 m (500 ft 2 in) 

Beam - 19. 50 m (64 ft) 

Draught - 8.13m (26ft Sin) 

All-wolded ship-hull. Conventional erection (plate 

by plate). 

No abnormal event was found in the paat history of 
the structure. 

Some deck piates of the same manufacture aa those 
in tills ship showed edge* oracks: those plates were 
replaced during building. 

2. Circumstances of Fracture 

Wind and weather conditions: ambient temperature 
+6* C. Heavy weather with rough sea. Wind forces 
8-9 B. North Sea 1956, 

Estimated stresses at the time of fracture: about 
900 k<y/cm 2 at point of fracture start. 

3. Details of Fracture 

The fracture started in the deck at port forward 
hatch comer (or No. 4 - hatch). 

This corner was well rounded (0. 175m); the hatoh 
coaming (which penetrates the deck) was welded to the 



deck plating. The origin was ths liaison weld of the 
ooaming, under the deck, whioh wis very badly wsldod 
beoauss of the inaoosssibility due to ths presence of 
the longitudinal deck et ringer (see figure). 

A brittle fracture propagated through the deck to the 
port side shell and down the hull side (2i strakes) and 
ended in a 17mm plate with marked banded structure. 

The appearance of the surface of the fracture was 
brittle. 

4. Material in the Region of Fracture 

4.1. PARENT PLATE 

Ship steel according to the rules of the Classification 
Societies (1948). 

Numbering and thickness of the plates : ' 
(See Table* HI, IV and V) 

4.2. WELD METAL AND HEAT-AFFECTED ZONES 

Normal acid manual welding electrodes of ourrent 
type (1948) diameter 4mm. Seams in main deck auto- 
matically welded with covered electrode. 

5. Fabrication Data 

5.1. PRE-TREATMENT OF MATERIAL 

No cold or hot forming of the steel before welding, no 
heat treatment before or after welding. 



Document ILS/IIW-2 17-66 prepared by Commission IX 
"Behaviour of metals subjected to welding" of the DW 
but not committing the HW as a whole. 



TABLE m — Numbering and thickness of the plates 

Plate 

Number Location Thickness Remarks 



1 


Deck (at hatoh) (origin) 


22 


2 


Deck 


20 


3 


Deck stringer plate 


21 


4 


Shell - Sheer strake 


22 


5 


Shell (Below No. 4) 


17 


6 


Shell (i fractured end) 


18 


7 


Hatch coaming 


12 



f Main 
|^ Fracture 



Secondary 
fracture 



TABLE IV - Check Analysis % 



Plate 




Si 
















Number 


C 


Mn 


P 


S 


Cr 


Ni 


Cu 


N 


1 


0.26 


0.01 


0.61 


0.020 


0.039 


0.02 


0.02 


0.04 


0.007 


2 


0,18 


0.01 


0.33 


0.034 


0.036 


0.02 


0.11 


0.18 


0.007 


3 


0.25 


0.03 


0.40 


0.032 


0.034 


0.02 


0.17 


0.18 


0.006 


4 


0.22 


0.01 


0.37 


0.042 


0.034 


0.03 


0.14 


0.18 




5 


0.18 


0.02 


0.42 


0.03G 


0.032 


0.02 


0.15 


0.18 




6 


0.20 


0.01 


0.4? 


0.032 


0.057 


0.03 


0.03 


0.18 




7 


0.26 


0.01 


0.34 


0.046 


0.052 


0.02 


0.16 


0.18 
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Maln_ deck / Ponljrjncj£Ol 



Port 

Crock In side shell 
Cossurt dons (a muroille bobord 




if 



Crock in the deck 
Cossurc du pont 



Hatch 
No.4 * 
Ponncou 



Hatch 




Hatch 




Hatch 








"No.2" 




•No.l •« 




Ponntou 




Ponncau 




Ponneau 





LOCATION OF THE CRACK 
EMPLACEMENT DE LA CASSURE 




-20 



0 +20 
TEMPERATURE.'C. 



♦ 40 +50 



CHARPY V-NOTCH TRANSITION CURVES 
COURSES DE TRANSITION OES EPROUVETTES 
CHARPY A ENTAILL'E EN V 



Shelter deck /Pont obri 



Plate/lfile No 4 
Sheerstrake 
i Carreau 22 mm 


Side shell 

Muraille 

lateraie 


Plate |T6le No.5 j 


Mojn jie£k_ \ 


Below sheerstrake / 
Sous carreau / w 


Pont principal 

/ 


Plate /Tole ( 
No. 6 / 


17 mm _l 




\ 





SECTION 
21 m;n 

r P&nt 



-Side shell 
" w 22mm 



Deck 
Pont 



PATH OF THE CRACK (LOOKING PORT) 
TRAJET OE LA CASSURE (VU DE L'AXE VERS BO) 

Side shell /Muraille laterals 



/ 

Plate/T6le No.5 
Stringer/Gouttiere 
21 mm 






Plate/Tole No.2 






20 mm 






PlaU/Tfilc No.l J 
22 mm / 


w Start of fracture 
\ (Depart de la cassure 



Coaming/Surbou 

DETAIL - ORIGIN OF THE CRACK 




_____ Deck /Pont 



Longitudinal deck stringer 
Hiloire \ 




Brittle fractured 
Rupture fragile \ 

DccJ< ^ringer jjnder deck 

Hiloire sous pont 



Incomplete fillet 
Cordon in com plet 



HORIZONTAL VIEW/VUE HORIZONTALE 



5.2. ASSEMBLY SEQUENCE 5,3. WELDING PROCEDURE 

Two fillet welds, Joining coaming and deck plating The edge of the deck plate was oxygen cut and 

were concerned. They had been Inspected visually. ground (square edge). 
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TABLE V - Mechanical Properties 



Plate 
Number 



TO 
or 

L 



Yield 
point 



Tensile 
Strength 



k$/n 



Elonga- 
tion % 
200 mm 



Mean Charpy V-notch 



Impact 
-20* C 



lo* C 



Values (Kpm/cm 2 ) 
♦ 20* C 52* C 



1 


T 


24.8 


47.0 


24.5 






2.4 




1 


L 


25.4 


47.0 


25.5 


0.4 


0.8 


2.1 


4.1 


o 


T 


25. 1 


43.5 


25.0 






2.0 




2 


L 


28. 8 


40. J 




0. 5 


0. 7 


1.9 


4.6 


3 


T 


25.8 


47.0 


24.5 






2.8 


3 


L 


30.4 


47.6 


24.5 


0.5 


1.0 


3.4 


5.4 


4 


T 


22.0 


44.6 


24.0 






1.2 




4 


h 


23.8 


45.6 


30.0 


0.4 


0.6 


2.3 


3.8 


5 


T 


25.1 


43.2 


32.5 






4.1 


5 


L 


25.9 


43.3 


26.5 


0.8 


1.6 


5.7 


7.8 


6 


T 


37.2 


48.6 


17.5 






3.9 


6 


L 


33.5 


46.9 


20.5 


1.4 


3.7 


6.1 


8.1 


7 


T 


29.9 


49.1 


18.5 






1.5 




7 


L 


32.5 


51.5 


21.9 


0,5 


0.6 


1.9 


3.6 



* Test In ship yard shows about 26 kg/mm 2 yield point. 

Microstructurs of plate number 1, where the fracture started; Grain size ASTM : 7 (ferritic). Widmanstiltten: traces. 
Plate number 6, whsrs the fracturs stopped: Grain size ASTM : 8 and 9. 



The fillets were wsldsd manually; the seams in the 
main deck wsrs automatically welded with coversd wire. 

The electrodss were of a normal "A" (acid) type - 
Diameter: 4 mm (neithsr prehsat, nor postwsld treat- 
ment). 

6. Comments of the Reporting Organisation 

The surfaces of the fracture undoubtedly indicated a 
brittle fracture pattern. The lower fillet wsld between 
Ihs hatch coaming and the deck was carried out In very 
bad conditions bee rubs of its almost lnaccsssible loca- 
tion under ths dock at the hatch comer. It is possibls 
that th< first part of the crack path showed some signs 
of fatigue fracture. 

Bui in plate 1 no signs of fatigue fracture were dst- 
ccted. This first crack obviously served as an initiat- 
ing notch for the brittle fracture of plate 1. caused by 
hard service conditions at a temperaturs whers.the 
steel showed low Impact valuss. 

7. Conclusions 
The main factors Involved wors: 

(a) Defective wslding of the fillsts, bstwsen the hatch 
coaming and ths deck, without sufficient Inspection 
after welding. 



(b) This local fault possibly caused fatigus Assuring, 
after 8 years ssrvice, in ons of the fillet wslds 
(below dsck) . 

(c) The quality of the 22 mm dsck plate (sourcs plate) 
is now questionable, in the light of the present 
shipsteel standards, in spite of the regulation with 
which at the time (1946) It complied. 

(d) A high level of bending strsss in the hull (not abnor- 
mal) occurring under the transition temperaturs of 
the steel. 



Two other points are worthy of Interest: 

(1) The electrodss used at this highly stressed part of 
ths ship wsre of the acid type. 

(2) Ths end of the crack in the aids shell was In a 17 mm 
plate at 1.3 m over ths neutral fibre of ths hull. It is 
of interest to note that this stesl had a high sulphur 
content (0.057), a banded structure, a finer grain and 
a lowsr conventional transition tsmperaturs. At the 
failurs temperature, its energy level was higher than 
that of other plates (4. 6 kgm/cm 2 ) and also its fibroslty 
(75%). 
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